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ABSTRACT

Nowadays people are more alert about conservation of water and water scarcity. The
amount of usable water is decreasing due to unavailability of pure water for day to day use.
Both surface and groundwater is contaminated by untreated wastewater discharged from
improper onsite wastewater treatment system, nutrient laden agricultural runoff and
increasing use of fertilizer in fields. This elevated nutrient level is increasing the
maintenance and operation cost of water treatment plant. So it is an important task to
remove those nutrients from wastewater and other water bodies by applying environmental
friendly process.
In the USA, about 25% homes are still depending on on-site wastewater treatment
(OSWT) due to unavailability of centralized treatment process. In Florida, OSWT is
managed by the Florida Department of Health (FDOH). By realizing the importance of
water conservation, USEPA already determined the maximum contaminant level (MCL) for
nitrate and nitrite in water bodies. Many researches are conducted to evaluate the
performance of EPA recommended treatment process (i.e. traditional standard drain field)
for OSWT. The UCF research group also performed an experiment to understand the
efficiency of traditional standard drain field. At the same time the research group developed
an innovative wastewater treatment process named B&G treatment bed as a comparison
with traditional standard drain field. This paper mainly focuses on performance of these two
treatment processes.
The B&G is a novel treatment process by its functionality for nutrient removal. The
process generally used a media mixture developed by the research group of UCF. This
mixture will act as organic carbon source to support denitrification process while
nitrification process does not demand such carbon source. Evan it is observed that this
iii

mixture can remove nutrient by physical-chemical process. The recirculation sand filter
(RSF) of traditional drain field is also filled by another mixture of media. Both media
mixtures are developed by batch experiment in UCF laboratory. The performance of the
B&G is compared with the traditional treatment process practiced in USA. These media
mixtures can be good supporting media for microorganisms’ growth and development. All
the major nitrogen and phosphorus species removal is observed by collecting sample in a
weekly fashion. The pathogens removal efficiency is also observed. The sample is analyzed
by a certified laboratory (i.e. Environmental Research and Design, ERD) in Orlando, Florida
to maintain the best quality of this research. The presence of microorganisms is identified
by using PCR.
The B&G drainfield is very effective for removing both nitrogen and phosphorus
species from wastewater. It is also very efficient to remove pathogens too. Standard
drainfield is very effective for pathogen removal but it cannot remove nutrients effectively.
Nitrate removal in B&G drainfield is well compared to standard drainfield.
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CHAPTER 1: INTRODUCTION
1.1 Introduction
When urban region is gradually expanding due to population growth, the
centralized wastewater treatment system may not be available for the growing population.
If the untreated wastewater is discharged in surrounding area, it will create problems for
surface water and groundwater. It is already known that nutrient such as nitrogen and
phosphorus species has harmful effect on human bodies and aquatic ecosystem.
According to USEPA, unionized ammonia (NH3) is very toxic for salmonid and nonsalmonid fish species (USEPA 1993; Wanielista and Chang, 2008). Ammonia
concentration from 0.100 mg/L to 10.00 mg/L can hamper the mortality, health and
reproduction of fish (USEPA 1993; Wanielista and Chang, 2008). Nitrate is more toxic
than nitrite and can cause human health problems such as liver damage and even cancers
(Gabel et al. 1982; Huang et al. 1998; Wanielista and Chang, 2008).
Nitrate/Nitrite can bind with hemoglobin causing oxygen deficiency known as
methemoglobinemia (MHB) by forming methaemoglobin in infant’s bodies. If the
methaemoglobin concentration rises to >10%, it can result in cyanosis (“blue-baby”
syndrome) (Wanielista and Chang, 2008). MHB affects infants under 6 months of age.
The most characteristic symptom is an ashen, bluish (cyanotic) hue to the skin and nails
(WHO 2003; WEF 2005; Wanielista and Chang, 2008). Nitrate is also responsible for a
wide range of tumors in the human body (Mirvish 1991; Aslan & Türkman 2003). Nitrate
is also responsible for formation of n-nitroso compounds in the digestive system (WHO
2003; Rocca et al. 2005). These compounds are considered carcinogens. Nitrite can react
with amines chemically or enzymatically to form nitrosamines that are very potent
carcinogens (Sawyer et al. 2003; Wanielista and Chang, 2008). Nitrate can inhibit iodine

uptake and harmfully affect the thyroid gland (WHO 2003). Wastewater also has
different phosphorus species which have a significant harmful impact on water bodies.
Both nitrogen and phosphorus can trigger euthrophication in water bodies through
excessive growth of algae. Removal of the nutrients from septic tank wastewater is of
crucial importance in maintaining the sustainability of the aquatic ecosystem and human
health. At that situation, it is very promising to use decentralized or on-site wastewater
treatment system like septic tank system for wastewater treatment.
According to USEPA, about 25% of US homes depend on on-site wastewater
treatment systems (OWTSs) due to the unavailability of a centralized wastewater
treatment system; this number is increasing over time (USEPA 2002, 2003). But
traditional septic tank system is not enough to meet the USEPA recommended guidelines
for nutrients removal. This not-properly-treated wastewater is a threat for surface water
and ground water quality. For this reason, researchers are thinking to discover innovative
nutrient removal process from domestic wastewater. Nowadays biological wastewater
treatment process for nutrient removal is the most economical wastewater treatment
process. In biological process, nitrogen species are removed by nitrification and
denitrification process. Nitrification process can be occurred in an aerobic system and
denitrification process can be started in an anoxic environment with the presence of an
organic carbon source for cell synthesis and energy. But addition of organic carbon in an
on-site treatment is a great problem. So researchers are trying to identify natural and
easily biodegradable organic carbon sources. Phosphorus species can be removed either
biological or physical-chemical process. But physical-chemical process for phosphorus
removal is much more well-known than biological process.
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Figure1: A 3-D diagram of septic system (Venhuizen 1998; Chang et al. 2007)
Figure 1 shows a 3-D diagram of a traditional septic tank system. Among the
septic tanks in the USA, about one-third does not reach their expected life or failed to
treat the wastewater as it should be (Smith et al. 2008). But all these systems are operated
by an active process that consumes a large amount of energy for the aeration pumps.
Untreated or improperly treated septic tank wastewater is a major source of groundwater
contamination. Due to widespread septic tank failure, scientists, engineers, and
manufacturers in the wastewater treatment industry have developed a wide range of
alternative passive technologies designed to address increasing hydraulic loads, energy
saving requirements, and water contamination by nutrients and pathogens in on-site
wastewater treatment. These alternative systems with new materials and methods require
increased focus on system performance, pollutant transport and fate, resultant
environmental impacts, and an integration of the planning, design, setting, installation,
maintenance, and management functions. Passive on-site wastewater treatment is defined
by the Florida Department of Health (FDOH) as a type of on-site sewage treatment and
disposal system that excludes the use of aerator pumps and includes no more than one
effluent dosing pump with mechanical and moving parts and uses reactive media to assist
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in nitrogen removal. Nutrient removal, including both nitrogen and phosphorus species,
is the main focus of our study in performance-based passive OWTSs. Under
“performance-based” we understand the efficiency of nutrient removal, the longevity of
sorption media etc. Figure 1.1 thus proposes the next generation B&G drainfield for
testing in this research.

Figure 1.1: A 2-D diagram of B&G septic system
The hypothesis of the nutrient removal mechanisms are:
1) Media mixture can act as natural organic carbon source for denitrification process. It is
assumed that media mixture will degrade with time and release organic carbon to support
denitrification process. As a result no external organic carbon (OC) sources need to be
added. OC need to be added as media mixture when OC are completely exhausted. The
amount of organic carbon present in the RSF will be analyzed by dissolved organic
carbon (DOC) analysis.
2) Limestone can be a promising media to remove phosphorus species from wastewater
by physical-chemical process. Limestone will also decrease the possibility of alkalinity
deficiency for nitrification process.
3) The newly designed B&G drainfield will be able to remove nutrients by a relatively
efficient way.
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1.2 Objectives
This innovative wastewater treatment technology will pave the foundation for 1)
ground-breaking OWTS in remote area where centralized treatment process is
unavailable; 2) energy saving passive treatment approach for improving the quality of
discharged wastewater; and 3) reduce the dependence on harmful chemical organic
carbon sources and increase the use of benign easily available natural or manmade
organic carbon sources. The project will also offer some secondary social and
environmental benefits such as 1) solving the solid waste management problem in a
community, 2) eliminating the sources of nutrients to be released to surface water and
groundwater contamination using a next generation passive OWTSs, 3) reducing the
OWTS operation complexity and cost and 5) escalating awareness for proper treatment of
wastewater.
The research objectives of the project are to:
1) Understand the performance of the new B&G treatment bed compared to traditional
standard drain field;
2) Realize the possible improvements of nutrients removal efficiency of RSF;
3) Develop an easily available and cheap organic carbon sorption media mixture;
4) Identify the presence of nitrifiers and denitrifies in both RSF and B&G drainfield by
using real-time PCR, which enables us to quantitatively determine the presence of
microorganisms.
5) Apply the data for a model for design purposes and to use in other places of the world.
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction
Much of environmental management in the past few decades focused on point-source
pollution of industrial and municipal effluent. Not until very recent years, was
comparable effort made to restrict the input of nitrogen (N) and phosphorus (P) from
dispersed or nonpoint sources such as agricultural and urban runoff. Within these
dispersed or nonpoint sources, stormwater runoff is just one possible source of nitrogen;
others include septic tanks and land-based application of reclaimed wastewater or
fertilizer, which can even elevate nitrate and nitrite concentrations in many aquifer
systems (Wanielista and Chang, 2008). For example, although residents in towns and
cities are served by centralized wastewater treatment facilities, more than 25 million
homes, or 25 percent of the U.S. population, still use on-site wastewater treatment
systems to meet their wastewater treatment and disposal needs (USEPA, 2003). To
provide a more specific example, approximately 2.5 million onsite wastewater treatment
systems are currently permitted in the State of Florida alone. Due to widespread septic
tank failure, anthropogenic inputs of nonpoint pollutants, particularly N and P, have
accumulated dramatically in the groundwater aquifer. As a consequence, it has been
shown that nitrate concentrations have increased in many Upper Floridian aquifer springs
since the 1950s. Phelps (2004) reported that nitrate concentrations ranged from less than
0.02 to 12 mg/L, with a median of 1.2 mg/L, for 56 Upper Floridian aquifer wells
sampled in Marion County during 2000-2001 (Phelps, 2004; Wanielista and Chang,
2008). Besides, nitrate concentrations have exceeded 10 mg/L in recent years at some
springs in Lake, Marion, Orange, Seminole, and Volusia Counties, according to Phelps et
8

al. (2006) and the St. Johns River Water Management District (2008). Increasing trends
in nitrate concentration were documented in Volusia County springs, such as DeLeon and
Gemini Springs (Phelps et al. 2006) and Blue Spring (SJRWMD, 2008; Wanielista and
Chang, 2008). Thus, violation of environmental compliance of the Maximum
Contaminant Level (MCL) for nitrate in drinking water that was set at 10 mg/L nitratenitrogen (NO3-N) and 1 mg/L nitrite-nitrogen (NO2-N), respectively by US EPA
(USEPA, 1988) became an acute environmental issue. Hence, how to sustain the quality
of sources of potable water with regard to high nutrient concentrations has long been a
challenge in environmental engineering.
Nutrient pollution is the common threat that links an array of problems from
stormwater, to groundwater, to wastewater and to drinking water all over the world.
These nutrient species have direct and indirect effects on human health and the aquatic
ecosystem. To deal with this issue, environmental engineers oftentimes integrate
physical, chemical and biological treatment methods in a complex regulatory framework
to control and remediate the corresponding pollution impacts. It is an emerging field that
promotes water treatment efficiencies and effectiveness creating a new dimension of
material design and synthesis for green infrastructure in environmental engineering
science. In fact, engineered, functionalized, and natural sorption media can be used to
treat stormwater runoff, wastewater effluents, groundwater flows, landfill leachates and
sources of drinking water for nutrient removal via both physicochemical and
microbiological processes (Wanielista and Chang, 2008). This approach for stormwater
and wastewater treatment has “green” implications because of the inclusion of recycled
materials as part of the material mixture promoting treatment efficiencies and
effectiveness. The improvement of such filter materials that may remove particular types
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of nutrient pollutants has not yet been fully studied although some laboratory and field
work has been completed.
Removal of ammonia, nitrite, nitrate, and phosphorus can be achieved
collectively or independently by using sawdust (Kim et al. 2000; Attanandana et al.,
2000; Greben et al, 2004; Gan et al. 2004; Schipper et al. 2005; Healy et al., 2006); tire
crumb (Shin et al. 1999; Lisi et al. 2004; Smith et al. 2008); Alfalfa (Kim et al., 2000);
cotton (Rocca et al., 2005; Volokita et al., 1996a); corncob (Attanandana et al., 2000; Xu
et al., 2008); wheat straw (Soares and Abeliovich, 1998; Kim et al., 2000; Aslan and
Türkman, 2003; Saliling et al., 2007); newspaper (Kim et al., 2000; Volokita et al.
1996b); wood chips (Kim et al., 2000; Healy et al., 2006; Saliling et al., 2007; Gibert et
al., 2008); compost (Kim et al., 2000; Gibert et al., 2008); sand (Harris et al. 1996;
DeBusk et al. 1997; Clark et al. 2001; Hsieh & Davis, 2005; Birch et al. 2005; Seelsaen
et al. 2006; Güngör & Ünlü 2005; Forbes et al. 2005); clay (Gisvold et al. 2000; Gálvez
et al. 2003; Smith et al. 2008); zeolite (Clark et al. 2001; Birch et al. 2005; Seelsaen et al.
2006; Li 2003; AEC, 2005); sulfur (Zhang 2002; Ray et al. 2006; Sengupta & Ergas
2006); limestone (Kim et al. 2000; Zhang 2002; Sengupta & Ergas 2006); oyster shell
(Sengupta & Ergas 2006; Smith et al. 2008); marbel chips (Sengupta & Ergas 2006);
Polyurethane-based porous media (Han et al. 2001); etc. which are deemed as
multifunctional materials to be applied in natural systems and built environments and
improve the physicochemical and microbiological processes.

This approach to

stormwater and wastewater treatment has “green” implications because of the inclusion
of recycled materials as part of the material mixture promoting treatment efficiencies and
effectiveness.
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The adsorption, absorption, ion exchange, and precipitation processes are actually
intertwined with the overall physicochemical process when removing nutrient via socalled “green sorption media”. Pollutants removed by the adsorption process in green
sorption media may subsequently desorb. If there are organic sources in the environment,
hydrolysis converts particulate organic N to soluble organic N, and ammonification in
turn releases ammonia into the water bodies. Ammonia may be sorbed by clay in
bioretention filters filled with sorption media. However, nitrate, which is quite soluble,
may be sorbed first and then leached from the clay during subsequent storm events,
rejuvenating the sorptive capacity for subsequently incoming nutrients. In addition to
ammonification, important biochemical transformation processes include nitrification and
denitrification. They result in the transformation of nitrogen between ammonia, nitrite,
and nitrate forms via oxidation and reduction reactions in microbiological processes.
Nitrification is a microbiologically mediated process that occurs under aerobic
conditions, resulting in the formation of nitrate, whereas denitrification is also a
microbiologically mediated process, but occurs under anaerobic (oxygen depleted)
conditions, resulting in the formation of gaseous forms of nitrogen. In reductionoxidation chemistry, nitrification is an ammonium oxidization process and denitrification
is nitrate reduction process (Wanielista and Chang, 2008). Denitrification also requires
the presence of an electron donor, which may commonly include organic carbon, iron,
manganese, or sulfur, to bring about the reduction. Without these electron donors,
denitrification is infeasible even in anaerobic environments. Although these
physicochemical and microbiological processes have been well studied, the following
critical questions have not been fully answered in the literature: 1) What are the
underlying integrated processes and their function, effectiveness, and longevity
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associated with different mixtures of sorption media? 2) How such systems are designed,
installed, maintained, controlled, and replaced for various nutrient control goals? 3) What
methods are available for the comparison of cost effectiveness of the performance of
green sorption media in engineering processes?
The objective of this thorough literature review is to provide a comprehensive
realization of the use of sorption media mixtures for nutrient removal in a number of
major environmental engineering disciplines (e.g. stormwater treatment, groundwater
remediation, wastewater treatment, and drinking water treatment (Harris et al., 1996;
DeBusk et al., 1997; Kim et al., 2000; Clark et al., 2001; Gan et al., 2004; Hsieh & Davis,
2005; Birch et al., 2005; Schipper et al., 2005; Seelsaen et al., 2006; Güngör & Ünlü,
2005; Forbes et al., 2005). The removal efficiency of a variety of systems with different
materials, design ideas, and associated environmental benefits are identified and
summarized based on both functional and chronological aspects. Key media
characteristics with application potentials are discussed based on the results with several
selected recipes for the purpose of demonstration. This leads to examine some of the key
questions above in regard to assessing an integration of the planning, design, siting,
installation, maintenance, and management functions as a companion paper to aid in
future design work of green engineering infrastructure holistically.
2.2 Review of State-of-the-art environmental technologies for nutrient removal
Agricultural and urban runoff contains pollutants including nutrients, sediment,
animal wastes, salts, and pesticides. Many Best Management Practices (BMPs) that have
been proved effective can be used to control runoff and reduce the erosion and transport
of sediment from urban settings and agricultural fields. For agricultural fields, these
practices include conservation tillage, contour strip-cropping, terraces, filter strips,
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sediment retention ponds, and grade stabilization structures where sorption media may be
deployed at strategic points to remove the nutrients. As for urban structural BMPs, such
as infiltration devices, ponds, filters and constructed wetlands, a variety of arrangements
may be designed to accommodate various sorption media applications. Even nonstructural BMPs and low impact development (LID) practices, such as rain gardens,
bioswales, permeable pavements, etc., may be included for the applications of various
sorption media.
Treating contaminated stormwater through either or both physicochemical or
microbiological principles is an integral part of BMPs and LID when nutrient levels may
be a major concern (Ray et al., 2006). Nutrients in stormwater can be removed by using
physicochemical processes, such as activated carbon adsorption, ion exchange with
synthetic resins, reverse osmosis, and electro dialysis (Wanielista and Chang, 2008). For
example, phosphorus removal from stormwater may be achieved by both precipitation
and adsorption processes (Wanielista and Chang, 2008). Some functionalized sorption
media for phosphorus removal are sand rich with Fe, Ca or Mg; gravel; limestone (a
sedimentary rock largely composed of calcium carbonate, CaCO3); shale (fine grained
sedimentary rock mostly clay minerals); light weight aggregates (LWA); zeolite (natural
mineral or artificially produced alumino silicates); pelleted clay (along or in combination
with soils); opaka (a siliceous sedimentary rock); pumice (a volcanic rock and natural
porous mineral); wollastonite (a mineral containing calcium and ferrous metasilicate); fly
ash (a residue generated from the combustion of coal); blast furnace slag (BFG – a
porous non-metallic co-product in the iron and steel industry); alum (a hydrated
aluminum potassium sulfate); goethite (a hydrous ferric oxide); hematite (a mineral form
of iron(III) oxide, Fe2O3); dolomite (a sedimentary carbonate rock or mineral composed
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of calcium magnesium carbonate, CaMg(CO3)2); and calcite (a carbonate mineral)
(Korkusuz et al., 2007; Wanielista and Chang, 2008). Mixtures of these materials as an
integral part of the green sorption media would be very promising. Yet the leaching
property of those materials is also of critical concern in environmental management.
Bioinfiltration, which is becoming one of the most frequently used stormwater
management tools in urbanized watersheds, may be designed to facilitate microbiological
processes with different filter media. These BMPs would be cost-effective when
distributed over a site and incorporated into the stormwater collection system as part of
the cornerstone of LID design such as rain garden, bioinfiltration swales, bioinfiltration
pond, and infiltration traffic island. Within the context of bioinfiltration, two important
processes that result in the transformation of ammonia to nitrogen gas are nitrification by
autotrophic bacteria and denitrification by either autotrophic or heterotrophic bacteria
(Wanielista and Chang, 2008). For denitrification to occur, it is necessary to make sure:
1) the presence of nitrate and nitrite that are the final product of nitrification and serve as
the electron acceptor in denitrification, 2) the absence of dissolved oxygen (DO), 3) a
facultative bacterial mass to use nitrate instead of oxygen as the electron acceptor, and 4)
the presence of a suitable electron donor, such as the carbonaceous energy source for
denitrification which can either be internal (e.g., sawdust in sorption media, organic
material present in wastewater) or external (methanol added to the treatment stage of
denitrification).
Filter media can act as a harmless internal carbon source and supporting element
for microbial colony development in any of the above BMPs and LID designs. Additional
treatment of the effluent may be required for those chemicals, however. The ultimate
removal of N and P can be considered as part of the natural N and P cycles. Instead of
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relying on sorption media, however, some Biological Nutrient Reduction (BNR)
wastewater treatment processes embedded in wastewater treatment plants are intended to
remove nutrients by following similar principles. They include mainly: 1) the 5-stage
Bardenpho biological wastewater treatment system that was developed for removing
carbon, nitrogen, and phosphorus simultaneously; and 2) the anaerobic ammonia
oxidation (abbreviated as ANAMMOX) process. Whereas the former is a biological
heterotrophic process, the latter is a biological autotrophic process in which ammonia is
converted to nitrogen gas in the presence of nitrite under anoxic conditions using special
microbes. In ANAMMOX, nitrite acts as an electron acceptor and no external carbon
source is needed for denitrification as the bacteria are autotrophs (WEF et al., 2005). The
ANAMMOX process is active at temperature from 6 to 43 degrees C and in the pH range
from 6.7 to 8.3 (the optimum pH is 8) (WEF et al., 2005). Under best conditions, the
specific maximum NH4+ consumption rate is 99.00 mg NH4+/g protein/min (WEF et al.,
2005).
Phosphorus can also be removed by phosphorus accumulating organisms (PAO) in a
biological treatment process with an aerobic stage. These PAOs can accumulate an
excess of phosphorus as polyphosphates in their cells. The system performance is
generally good at DO concentration of ca. 1.0 mg/L and pH > 6.5. The system should
have enough Mg, Ca and K. Generally, municipal wastewaters have enough cations like
these. A system designed for nitrification cannot support biological phosphorus removal
due to the presence of nitrate in the system. Hence a denitrification system should be
included in a separate chamber when biological phosphorus removal is an issue. In an
anaerobic stage, the stored phosphorus is generally released. (WEF et al., 2005).
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Although nitrification and denitrification are popular for stormwater and wastewater
treatment, they are also being used for drinking water treatment in Europe and elsewhere.
Riverbank filtration (RF) is an environmentally sustainable and cost effective water
treatment technology, which has been used for centuries to remove pollutants and
microorganisms from surface water (Tufenkji et al., 2002). The hydraulic and hydrochemical processes of the RF technique also follow essential physicochemical and
microbiological principles. Understanding the mass balance of the catchment area based
on transient river stages and recharge, geological factors, and spatial changes in the water
chemistry is required to determine the quantity of bank filtrate that could be in the nexus
of the sorption media. Groundwater and landfill leachate treatment processes are similar
to stormwater and wastewater treatment processes, respectively.
In regard to nitrogen removal, clay particles have higher surface area to provide more
contact area to support adsorption process and to develop the bacterial colony (Wanielista
and Chang, 2008). Most filter media may improve solid-liquid contact with higher
surface area, prevent channeling with a better particle distribution, provide a better
capacity for ion exchange to support absorption/adsorption, better retaining capability for
adsorbed nutrient and more surface area for the bacteria colony to develop (Wanielista
and Chang, 2008). Thus, filter media can support both physical and biological processes
simultaneously. In regard to phosphorus removal, a number of different technologies are
applicable including: 1) chemical precipitation, 2) biological treatment, 3) crystallization,
4) ion exchange, 5) magnetic separation, 6) adsorption/absorption, 7) tertiary filtration
and 8) sludge treatment (Lazaridis, 2003). A combination of differing technologies is
critical to promoting collective removal of several pollutants.
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Nitrogen and phosphorus species present in the above processes can appear in
different forms in water bodies. The different nutrient forms are defined and summarized
in following,
1) Nitrogen species
• Total Nitrogen (TN) = Organic N + Ammonia N + Nitrate N + Nitrite N
• Total Kjeldahl Nitrogen (TKN) = Organic N + Ammonia N
• Organic Nitrogen = Filtrable Organic N + Non-filtrable Organic N
• Total Inorganic Nitrogen (TIN) = Ammonia N + Nitrate N + Nitrite N
• Total Oxidized Nitrogen (TON) = Nitrate N + Nitrite N
• TN = TKN + TON
1) Phosphorus species
• IP = Inorganic Phosphate
• OP = Orthophosphate
• CP = Condensed Phosphates (also known as metaphosphates or polyphosphates)
• IP = OP + CP
• SP = Soluble Phosphorus
• SRP = Soluble Reactive Phosphorus (~Soluble inorganic orthophosphate (PO4))
• SUP = Soluble Unreactive Phosphorus (=SP – SRP)
• SOP = Soluble Organic Phosphorus
• PP = Particulate Phosphorus
• TP = Total Phosphorus
• TP = SRP + SUP + PP
2.3 OWTS perspective
Extensive literature review was done to understand the efficiency of OWTS. The
Florida Keys On-site Wastewater Nutrient Reduction Systems (OWNRS) Demonstration
Project was initiated in 1995 to demonstrate the use of OSTS to reduce the concentrations
of nutrients discharged to the coastal region of the Keys (Anderson et al., 1998). Five
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treatment trains had been adopted for testing in that study, including: 1) a septic tank
followed by a recirculating sand filter (RSF) and an anoxic bio-filter (ABF) with effluent
discharged to an unlined drip irrigation field, 2) a septic tank with effluent discharged to a
lined drip irrigation field, 3) a fixed-film activated sludge (FAS) treatment known as the
Bio-Microbics FASTTM aerobic treatment unit (ATU) and an anoxic bio-filter (ABF)
with effluent discharged to an unlined drip irrigation field, 4) a suspended growth
biological treatment system operating a continuous feed cyclic reactor (CFCR), which is
known as the AES BESTEP-IDEATM system similar to a sequencing batch reactor
(SBR), with effluent discharged to an unlined drip irrigation field, and 5) a rotating
biological contactor (RBC) and an anoxic bio-filter (ABF) with effluent discharged to an
unlined drip irrigation field. Additional unit operations, such as chemical precipitation,
supplemental carbon addition for denitrification, and additional phosphorus adsorption
media, were available. Twenty-four hour flow composite samples were collected from
the influent mix tank and from each of the three treatment process effluents. Samples
were analyzed according to Standard Methods (APHA 1992) for biochemical oxygen
demand (BOD5), carbonaceous biochemical oxygen demand (CBOD5), total suspended
solids (TSS), total Kjeldahl nitrogen (TKN), nitrate-nitrogen (NO3-N), nitrite-nitrogen
(NO2-N), and total phosphorus (TP). Total nitrogen (TN) was obtained by summation.
However, without chemical precipitation, the quality of the effluents did not meet the
Florida advanced wastewater treatment (AWT) standards of 5 mg/L for CBOD and TSS,
3 mg/L for TN, and 1 mg/L for TP.
Septic tanks followed by lined and/or unlined subsurface wetlands in sequence
had also been used for on-site wastewater treatment in the last decade (Mankin & Powell
1998; Thom et al. 1998; Sun et al. 1998). The University of West Florida installed a
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constructed wetland in 1994 to treat 1.89 m3/day (500 gpd) residential wastewater. The
system utilizes a hybrid approach which combines subsurface and free-water surface flow
designs. It consists of one 3.78 m3 (1,000 gallon) primary treatment septic tank and a
0.76m x 0.76 m (30’x30’) cell of wetland sub-divided into three compartments. The
removal efficiency of TSS, total phosphates (TPO4), NH3, BOD5, TKN, and fecalcoliform were 98%, 88%, 60%, 94%, 77%, and 97%. These tests proved the potential of
using wetland as a means to polish the septic tank effluents without involving the use of
complicated aerobic/anaerobic wastewater treatment technologies, such as AES
BESTEP-IDEATM and Bio-Microbics FASTTM. However, Florida’s current septic tank
regulations require subsurface flow of wastewater effluents.
If the RSF cannot fulfill full nitrification, disposal facilities in an OWTS may act
as supplemental installations, which include many options such as absorption trench,
absorption bed, elevated mounds, and even injection wells. Drain field modifications also
provide a good channel for denitrification. Many other commercial units were developed
such as the Waterloo Biofilter combined with a leaching trench and NITREXTM and a
drain field as a whole. The former uses a trickling filter for aeration with foam media; the
latter is used to separately perform the nitrification and denitrification in two units in
sequence. This configuration was arrived at after testing fifteen technologies in Oregon.
An anoxic attached growth reactor was used to foster the denitrification. It is also known
that the use of sulfur and limestone may create a similar anoxic environment for
denitrification in the drain field (Shan and Zhang, 1998). In terms of nutrient removal
Chang et al (2009a) compared Astatula sand with builder’s washed sand in two
traditional drain fields. It was found that both sands had similar performance in terms of
nitrification and denitrification. Chang et al (2009b) further tested an innovative
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underground drain field filled with a mixture of sorption media for nutrient removal to
improve the nitrification and denitrification in the drain field.
A septic tank generally creates an anoxic/anaerobic environment with time due to
accumulation of oil/scum layer on the top portion of the tank (Bounds 1997). As a
consequence, a septic tank can support the denitrification process but it may not support
the nitrification process due to the lack of oxygen diffusion in the scum layer. A 24 hours
hydraulic retention time is generally assumed for the sludge accumulation and scum
forming process (USEPA 1980). An RSF may be used to support the nitrification process
before the treated wastewater goes to the drain field. A combination of septic tank and
RSF is chosen for this study as a passive treatment system. The process was slow in
winter due to slow bacterial activity at low temperature. Up to now, little has been
reported about the nitrification and denitrification performance of the RSF in passive
OWTS. Hence this kind of studies is expected to have a great impact on decentralized
wastewater treatment systems. In the early stage, the overall passive OWTS can remove
96.52% TSS, 95.46% TKN, 47.58% TN and 92.84% TP (Anderson et al. 1997). Healy et
al. (2004) found removal efficiencies of 83.2% TN, 100% NH4-N, 43.3% P and 100% SS
from dairy parlor washing with 6.6 days hydraulic retention time (HRT) and recirculation
ratio of 3.0 associated with the RSF. If properly operated, an RSF can remove 87% of
NH3-N, 96% of BOD, 96%of TSS, and 50% of TP (IDNR 2007).
Urynowicz et al. (2007) tried to evaluate the performance of the RSF in terms of
nitrogen removal from septic tank wastewater and found 72.0% nitrogen removal with a
recirculation ratio of 5.0 and 63.0% nitrogen removal with a recirculation ratio of 3.7
(Urynowicz et al. 2007). There is a potential problem of clogging in the sand filter due to
physical (i.e. solid accumulation), chemical (i.e. precipitation reaction) and biological
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(i.e. biofilm growth or slow decomposition of organic matter) activities occurring in the
filter (Venhuizen 1998; Hurst 2006). An RSF may be a chamber for simultaneous
nitrification and denitrification if properly designed. But the denitrification process could
be slow in an RSF (USEPA, 1980). The objective of this paper is to present an exhaustive
examination of the RSF functionality in a passive on-site wastewater treatment system for
nutrient removal with the emphasis on an intercomparison between fine and coarse sand.
The analysis via using the real-time Polymerase Chain Reaction (PCR) will deepen
understanding of the nitrification and denitrification effects in a septic tank system.
2.4 Storm water treatment by sorption media
Before 1995, much work tried to remove nutrients primarily with the sand filter
method. For this reason, three main types of sand filters were developed: 1) the
Washington D.C. sand filter method, 2) the Delaware sand filter design and 3) the Austin
sand filter (USEPA, 1999). The removal efficiency of the Delaware sand filter is solids
70.2%, TP 71.1%, NH3-N 6.7% and Total Kjeldahl nitrogen (TKN) 59.9% (Bell et al.,
1995). These filter methods gave promising results but could not remove all nutrients.
Faced with this situation some researchers began investigating new concepts to remove
all nutrient species. Sorption media were found to be a very good means for nutrient
removal from water bodies. Table 1 summarizes the use of sorption media to treat
stormwater.
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Table 1: Sorption media used to treat stormwater
Additional
environmental
Physical/Chemical
No. Sorption media
benefits
Properties
Sandy Coastal
1
soil
Oil & greases,
Maple & elm leaf
2
Compost
heavy metals,
compost
Peat
Wollastonite
Limerock
3
Sand with quartz Cu, Cd, Ni,
Alfalfa
D<4mm
Leaf mulch
compost
D<2mm
Sawdust
D<2mm
Wheat straw
D<4mm
Wood chips
D<2mm
Newspaper
D (average)<4mm
Large particles 2 to 2.36
mm and small particles
Sulfur
0.6 to 1.18 mm
4
Limestone
D= 0.6 to 1.18 mm
Crushed piping
5
materials
Organics
6

Cu, Fe, Pb, Zn

9
10
11

Iron Sulfide
Peat
Carbon sand,
enretech sand or
sand
Zeolites
Activated carbon
Natural sand
(Bank filtration)
Lignocellulosic
material
Clay
Zeolites

12

Opoka

Microorganisms

7
8

References
Harris et al. 1996
Richman 1997

DeBusk et al.
1997

Kim et al. 2000
Li et al. 2000
Tesoriero et al.
2000

Clark et al. 2001
Tufenkji et al.
2002
Basically pine bark chips

Cd, Pb, Ni
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Tshabalala 2002
Lazaridis 2003
Birch et al. 2005
Braun-Howland,
2003

No. Sorption media

13

14

15

16

Additional
environmental
benefits

Physical/Chemical
Properties

Waste medium
density fiberboard
(MDS) sawdust

Wood fibers
Mulch
Soil
Sand
Zeolites
Pure quartzitic
sand
Allophane
Chitin

Gan et al. 2004

Polynuclear
Aromatic
Hydrocarbons

Aspen wood fibers
composed of 51%
cellulose, 26%
hemicellulose, 21%
lignin, and 1% ash

Boving & Zhang
2004

Lead, TSS, oil and
grease

Sandy loam
Sand

Hsieh & Davis
2005

Cu, Pb, Zn

Birch et al. 2005

Iron (18.2 %), aluminum
(13.7%),
calcium (12.7%) and
magnesium (7.3%) and
other.
4%-8% calcium
carbonate

Pumice

17

Bentonite
Steel slag
Lime stone
Zeolites

AEC 2005
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Cu, Cd, Cr, Zn, Pb,
dichlorobenzene,
naphthalene,
fluoranthene,
Hard wood Mulch benzopyrene
Wood fibers
sand
Zeolites
Glass
Ash
Compost
Zn, Cu
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Iron Sulfide

18

References

Silver maple, Norway
maple, Red oak and
Cherry mulch, size 4760
micron
D = 4 mm

D= 4 mm
Seelsaen et al.
2006
Baeseman et al.
2006
D=0.006 to 0.01 mm;
Surface area 0.31 m2/g
D=0.18-4 mm

Metallic iron
21 Clinoptilolite
Fe
Note: D is the diameter of the media
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Ray et al. 2006

Huang et al. 2006

Richman (1997) found that compost had good removal of 90% solids, 85% oil and
greases and 82% to 98% heavy metals by adsorption (Richman 1997; Wanielista and
Chang, 2008). DeBusk et al. (1997) used sand (with quartz), fresh organic (peat) soil,
crushed lime rock (2.50 cm nominal size) and wollastonite to remove TP, copper (Cu),
nickel (Ni) and cadmium (Cd) from storm water.

They found that wallastonite

(essentially calcium inosilicate CaSiO3) had very good removal efficiency for their
targeted contaminants. Wallastonite could remove about 87.8% P, 97.7% Cd, 81.4% Cu
and 80.3% Ni by adsorption. On the other hand, limerock, peat and sand could remove
41.4%, 44%, and 41.4% of P, respectively, in the stormwater runoff. It was concluded
that wallastonite is very effective in phosphorus removal because it contains calcium and
ferrous ions (Debask et al., 1997; Wanielista and Chang, 2008). Calcium and ferrous ions
can remove phosphorus by precipitation or adsorption (Wanielista and Chang, 2008).
Kim et al. (2000) used different kinds of filter media, such as alfalfa, leaf mulch
compost, newspaper, sawdust, wheat straw and wood chips for biological removal of
nitrate from storm water runoff. Alfalfa, newspaper and compost were grouped in one
experiment and sawdust, wheat straw and wood chips were in the other. The particle size
of the media is shown in Table 1. A total of eight columns (40 cm long; 6.4 cm inner
diameter) were used. Among them, two columns were used as controls using only
washed silica sand. All columns were operated at temperature 22±2 oC. The columns
were seeded by secondary effluent sample and those seeded materials were run for
duration of 2 days. The authors found that alfalfa and newspaper had 100% nitrate
removal efficiency but mulch compost only 60%. They also found that sawdust, wheat
straw and wood chips had good removal efficiency (>95%), but wood chips showed
consistently better performance than sawdust for nitrate removal (Kim et al. 2000;
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Wanielista and Chang, 2008). It was concluded that all of these were electron donors and
good carbon sources for promoting denitrification (Wanielista and Chang, 2008). They
suggested that increasing the hydraulic retention time (HRT) may result in better
removal. They also found that soil could only remove 7% to 10% of nitrate due to its
anionic form (Kim et al. 2000; Wanielista and Chang, 2008). Nitrate removal is
performed by other processes in combination with biological process. If only the
biological process were occurring, different media should provide different removal
efficiencies. This might be a combined effect of adsorption and biological process.
Clark et al. (2001) conducted experiments to improve the quality of storm water
runoff by using activated carbon, peat moss, compost and sand in aerobic and anaerobic
conditions. They suggested that sorption media might not be capable of retaining the
sorbed materials under anaerobic conditions (Clark et al. 2001). There might be several
reasons such as pH of the system, bonding between solids and adsorbed materials,
competition between ions present in the liquid phase for desorption, which can be
influenced by the retention time and amount of media. If desorption only occurs under
the anaerobic condition, there should not be any leachate from landfills. Tufenkji et al.
(2002) used the river bank filtration (RBF) method to remove pathogenic microbes from
surface water. The RBF method is also very effective for the removal of natural organic
matter (i.e. NOM-dissolved and particulate humic and non-humic organic substances),
odorous compounds (e.g. geosmin), fragrance compounds (e.g. menthol, limonene, αterpineol) and aromatic hydrocarbons. The RBF removes the pollutants by sorption,
precipitation, redox reactions, complexation with organic matter, microbial degradation
and dilution. The success of RBF depends on raw water quality, characteristics of the bed
sediments and retention time. So each site should be considered separately and success at
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one site will not always indicate that it will be helpful for other sites. It is also mentioned
that the EPA is emphasizing bank filtration for the removal of Cryptosporidium. The
Cryptosporidium oocysts (4-6 μm) and Giardia cysts (9-12 μm) can be removed by
interception (i.e. the microbes will encounter a collector grain due to its size and moving
path) and gravitational sedimentation (i.e. the microbes will settle on a collector grain due
to gravitational force) (Tufenkji et al., 2002). The effectiveness of RBF for nutrient
removal was not assessed. If the surrounding soil has clay with mineral content, it should
be an effective process for phosphorus removal. Soil can also support the growth of
nitrifiers, so it should also be effective for the removal of ammonium and nitrite. But it
may not work for nitrate removal as it is known that soil particles have little affinity for
nitrate. The RBF process and sorption media can be used together. In a bank filtration,
filter media can be placed around the well to help to remove nutrients. Tshabalala (2002)
also tried to remove pesticides with lignocellulosic materials as the media, which
removed about 82% of dichlobenil, 92% of chlorothalonil and 96% of chlorpyrifos by
adsorption (Tshabalala, 2002).
Boving and Zhang (2004) used aspen wood (Populus tremula) fibers to remove
aqueous phase polynuclear aromatic hydrocarbons (i.e., PAH such as naphthalene,
pyrene, anthracene and fluorene) from storm water runoff in a column study. The
ultimate removal of anthracene was 60%, pyrene was 89%, and fluorene was 36%.
Naphthalene was poorly attracted by the wood fibers. The results implied that the
sorption of PAH by aspen wood was related to the hydrophobicity and molecular weight
of the PAH. The authors also observed some desorption phenomena, but desorption was
slower than adsorption. The sorption rate slowed over time and smaller particles had a
greater sorption capability. Hsieh and Davis (2005) carried out experiments on urban
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storm water runoff in 18 columns filled with different media mixtures composed of
mulch, soil and sand. Mulch was very effective at removing nitrate, much more so than
sand (i.e., about 43% of nitrate was removed by a mulch and sand mixture but sand alone
could remove about 11% nitrate). However, mulch could not remove ammonium or TP
(only 4% TP removed), the reasons for which were not explained by the authors. For all
media mixtures tested, ammonium removal was between 2-26% and nitrate removal was
1-43%. They concluded that soils with higher silt/clay contents, higher cation (Mg/Ca/K)
contents, more organic matter (OM) and greater cation exchange capacity (CEC) might
be very effective in nutrient removal and that coarse media might not be able to retain the
nutrient in repetitive loading due to the small surface area available (Wanielista and
Chang, 2008). Good TP removal (~41% to 48%) was observed by three types of sandy
loam soils; this was interpreted as caused by simple adsorption or complex
sorption/precipitation processes (Arias et al., 2001; Hsieh & Davis, 2005). All three of
these soils had significant fractions of sand (i.e. 66-79%), clay (i.e. 12-19%) and silt (i.e.
9-15%). Across all media, TP removal was highly variable (i.e., from 4% to 85%), which
might be related to properties of the sorption media used and the flow pattern of nutrient
laden water. As with the nitrogen contaminants, OM enhanced TP removal (about 93%
TP removal) and a good correlation between OM and TP removal was established. They
also tried to remove other chemicals such as oil and grease (O/G), Pb and total suspended
solids (TSS) with sand, which provided greater than 96% removal of all targeted
compounds. Different mixtures of mulch, soil and sand were also used to remove those
compounds, all achieving noticeable removal. The authors suggested that TSS removal at
the upper layer or first stage of a bioretention system is very important to protect the
system from clogging. They also conducted an on-site evaluation of rainfall events.
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About >99% O/G, >94% Pb, 31% NO3-N and >44% NH4-N were removed by the
process (Hsieh & Davis, 2005). The low removal of nitrogen compounds suggests that
either mulch impedes the growth of nitrifiers or it cannot adsorb the ammonium.
Birch et al. (2005) experimented with removing nitrogen species with a storm water
filtration basin (SIB) and flow through a filtration medium with a 1:6 mixture of zeolite
(with clinoptilolite) and coarse, pure quartzitic sand. Their analysis revealed the valuable
removal capabilities of SIB. TKN removal was about 47-74% and TN removal was about
33-40% (also some negative removal was observed). They found negative removal of
NO2- and NO3- by the system. Sand was not effective in removing nitrate + nitrite and the
denitrification capacity was not enough to support the removal system. On the other
hand, nitrifiers may have been converting ammonia into nitrate so efficiently that the
ultimate nitrate concentration in the effluent was increased, concealing the effects of the
denitrifiers. TP removal was about 37-67% by SIB. Clinoptilolite has an affinity for
ammonium and it removes TN and TKN in an ion exchange process. Therefore,
biological processes were not solely responsible for TN and TKN removal in this study.
Clinoptilolite may be acting as an inhibitor of denitrifiers by promoting a less anaerobic
condition. The pH of storm water should be >7 for the best removal of metals by the
sorption media, otherwise the adsorbed metal ions will be quickly released.
Analytical & Environmental Consultants (AEC, 2005) investigated locally available
adsorption materials to remove nutrient from surface and ground water. Those materials
tested were 1) Allophane (an amorphous hydrous aluminum silicate clay mineral with an
affinity for NH4+, NO3- and PO43-), has a density of 2000-2200 kg/m3 and surface area of
400-900 m2/g. 2) Bentonite (an impure clay, mostly montmorillonite, with an affinity for
PO43-), has a density of 2000-3000 kg/m3 and cation exchange capabilities of 70-100
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meq/100 g. 3) Chitin (a long chain polymer and a derivative of glucose with an affinity
for NH4+), 4) Pumice (has an affinity for NO3- and PO43-), has a density of 600-800 kg/m3
and cation exchange capabilities of 5-8 meq/100 g. 5) Zeolite (with an affinity for NH4+,
NO3- and PO43-), has a density of about 1700-2100 kg/m3, surface area of 145 m2/g and
cation exchange capabilities of 80-200 meq/100 g 6) steel slag (has affinity for PO43-) and
7) limestone. After their investigation factoring in local availability, cost, nutrient
removal capability, environmental impact and applicability, they identified Allophane,
Zeolite, Bentonite, steel slag and limestone as the most suitable choices (AEC, 2005).
These minerals can remove nutrients in an ion exchange and adsorption process.
Ray et al. (2006) used hardwood mulch to remove some metals (Cu, Cd, Cr, Pb and
Zn) and organics (dichlorobenzene (DCB), naphthalene (NP), fluoranthene (FA),
butybenzylphthalate (BBP), and benzopyrene (BP)) from urban storm water runoff.
These researchers suggested that 1) sorption capacity might be correlated with the ionic
radii and molecular weight of the metal and organic contaminants; and 2) sorption by
mulch varied with the concentration and species of contaminants (Ray et al., 2006). This
experiment proved that sorption media are also very effective in metals removal.
However, metal removal is affected by pH: 1) metal ions will be dispersed in solution
under acidic pH and 2) ions will engage in precipitation reactions or adsorption under
alkaline pH. Metal removal will be completely via an adsorption or ion exchange process
because there is little possibility that metals will be removed by biological processes.
Seelsaen et al. (2006) used fine glass, sand, coarse glass, ash, zeolite, compost and
packing wood to remove heavy metals from storm water. Huang et al. (2006) performed
an experiment to remove nitrate with metallic iron, ammonium (NH4++NH3) and ferrous
ions (Fe (II)) with clinoptilolite. They reported that acidic pH (i.e. 2.0 < pH < 4.5) was an
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important factor for the removal of nitrate by Fe0, which was very active at removing
nitrate within a short time (i.e. about 30 min.) in these conditions. The pH value and
nitrate removal were inversely related. Nitrate removal was also inversely related to
nitrate loading. It showed that when the nitrate loading was higher, there were
insufficient iron surface sites to attract more nitrates and ultimately the removal
efficiency was hampered. They also observed the appearance of ammonium when the
nitrate was reducing in the redox sense. The removal of ammonium and Fe (II) by
clinoptilolite was observed to depend on both pH and the F/N ratio (i.e. Fe (II) to [NH4+]
+ [NH3]). Nitrate has a tendency to produce ammonium in the presence of Fe, which can
be removed by clinoptilolite. Cliniptilolite is already well known for its ammonium
removal capability but it is too costly to use as a sorption media in a small scale facility.
The preceding discussion was presented in chronological order to provide an overall
picture of recent advancements in mixed media water treatment. Table 2 further
summarizes the general success of the sorption media mentioned for removing various
pollutants, especially nutrients, in the stormwater runoff under specified conditions.
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Table 2: Nutrient removal efficiency from stormwater by different sorption media
No.
Sorption
media
Mechanism
Removal efficiency
References
90% solids, 85% oils and greases, and Richman
1
Compost
Adsorption
82% to 98% heavy metals
1997
87.8% TP (Initial concentration 0.40
mg-P/L, for all cases), 81.4% Cu
(Initial concentration 0.03 mg/L, for
all cases), 97.7% Cd (Initial
concentration 0.015 mg/L, for all
cases) and 80.3% Ni (Initial
concentration 0.015 mg/L, for all
Wollastonite
cases)
41.5% TP, 32.2% Cu, 81.34% Cd and
Limerock
31.3% Ni
44.% TP, 41.2% Cu, 97.8% Cd and
Peat
92.3% Ni
41.50% TP, 76.95% Cu, 94.40% Cd
DeBusk et
2
Sand
Adsorption
and 77.67% Ni
al. 1997
Sulfur
Not reported
100.% nitrate (Initial concentration
Alfalfa
2.00 mg-N/L)
Leaf mulch
60.% nitrate (Initial concentration 2.00
compost
mg-N/L)
100.% nitrate (Initial concentration 2.0
Newspaper
mg-N/L)
>95.% nitrate (Initial concentration
Sawdust
2.00 mg-N/L)
>95.% nitrate (Initial concentration
Wheat straw
2.00 mg-N/L)
Nitrification/
Denitrificatio >95.% nitrate (Initial concentration
Kim et al.
3
Wood chips
n
2.00 mg-N/L)
2000
82.% dichlobenil (Initial
concentration 0.04 mg/L, for all cases)
92.% chlorothalonil
Lignocellulosi
Tshabalala
4
c materials
Adsorption
96% chlorpyrifos
2002
60% Anthracene (Initial concentration
0.05 mg/L)
89% Pyrene (Initial concentration 0.05
mg/L)

5

Aspen wood
fibers

Adsorption

36% fluorine (Initial concentration
0.05 mg/L)
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Boving &
Zhang 2004

No.

Sorption
media

Mechanism

100% Sand
100% Sand
2% Mulch,
93% Soil, 5%
Sand
2% Mulch,
93% Soil, 5%
Sand
2% Mulch,
93% Soil,
5.00% Sand
91% Mulch,
9% Sand

6

100% Sand
3% Mulch,
97% Sand
2% Mulch,
21% Soil,
77% Sand
8% Mulch,
26% Soil,
66% Sand
6% Mulch,
32% Soil,
62% Sand
24% Soil,
76% Sand
3% Mulch,
43% Soil,
54% Sand
3% Mulch,
24% Soil,
73% Sand
11% Mulch,
19% Soil,
70% Sand
2% Mulch,
17% Soil,
81% Sand

Removal efficiency
96% TSS, 96% O/G, 98% Lead, 85%
TP, 11% Nitrate and 8% Ammonia
(Initial phosphorus concentration 3
mg-P/L, Nitrate concentration 2 mgN/L, ammonium concentration 2 mgN/L, motor oil 20 mg/L, for all cases)
96% TSS, 96% O/G, 96% Lead, 10%
TP, 1% Nitrate and 15% Ammonia

References

29% TSS, 96% O/G, 98% Lead, 47%
TP, 1% Nitrate and 6% Ammonia
88% TSS, 96% O/G, 98% Lead, 41%
TP, 14% Nitrate and 24% Ammonia
91% TSS, 96% O/G, 98% Lead, 48%
TP, 8% Nitrate and 16% Ammonia
86% TSS, 96% O/G, 75% Lead, 4%
TP, 43% Nitrate and 16% Ammonia
96% O/G, 66% Lead, 84% TP, 13%
Nitrate and 5% Ammonia
96% TSS, 96% O/G, 98% Lead, 61%
TP, 9% Nitrate and 9% Ammonia
66% TSS, 96% O/G, 98% Lead, 47%
TP, 3% Nitrate and 2% Ammonia
94% TSS, 96% O/G, 98% Lead, 50%
TP, 4% Nitrate and 7% Ammonia
93% TSS, 96% O/G, 98% Lead, 39%
TP, 4% Nitrate and 7% Ammonia
93% TSS, 96% O/G, 98% Lead, 39%
TP, 2% Nitrate and 5% Ammonia
96% TSS, 96% O/G, 98% Lead, 83%
TP, 13% Nitrate and 26% Ammonia
96% TSS, 96% O/G, 98% Lead, 57%
TP, 24% Nitrate and 17% Ammonia
96% TSS, 96% O/G, 98% Lead, 54%
TP, 27% Nitrate and 20% Ammonia

Adsorption

96% TSS, 96% O/G, 97% Lead, 24%
TP, 6% Nitrate and 11% Ammonia
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Hsieh &
Davis 2005

No.

7

Sorption
media
2% Mulch,
72% Soil,
26% Sand
2.% Mulch,
49% Soil,
49% Sand

Mechanism

Adsorption (2
hours HRT)

8

9

Fine glass
Sand

References

92% TSS, 96% O/G, 98% Lead, 72%
TP, 9% Nitrate and 19% Ammonia

1:6 mixture of
zeolite (have
clinoptilolite)
and course,
pure quartzitic
sand
Adsorption

Hardwood
mulch

Removal efficiency

Adsorption (4
hours HRT)
Adsorption
(72 hours
HRT)

Adsorption

92% TSS, 96% O/G, 98% Lead, 71%
TP, 9% Nitrate and 19% Ammonia
47% to 74% TKN (Initial
concentration 0.54 mg/L to 1.690
mg/L), 33% to 40% TN (Initial
concentration 2.94 mg/L to 2.45
mg/L), 37% to 67% TP (Initial
concentration 0.27 mg/L to 0.2 mg/L),
49% to 81% Cu (Initial concentration
0.013 mg/L to 0.019 mg/L), 88% to
98% Pb (Initial concentration 0.03
mg/L to 0.029 mg/L), -1% to 77% Zn
(Initial concentration 0.19 mg/L to
0.39 mg/L), 10% Cr (Initial
concentration 0.0037 mg/L), -213% to
38% Fe (Initial concentration 0.15
mg/L to 2.16 mg/L), 20% to 88% TSS
(Initial concentration 25 mg/L to 17
mg/L)
85% Cu, 75% Cd, 21% Cr, 90% Pb,
60% Zn, 63% dichlorobenzene
(DCB), 63% naphthalene (NP), 89%
fluoranthene (FA), 90%
butybenzylphthalate (BBP), 80%
benzopyrene (BP) (Initial
concentration: Cu 0.992 mg/L, Cd
1.016 mg/L, Cr 0.989 mg/L, Pb 0.996
mg/L, Zn 1.079 mg/L, DCB 0.047
mg/L, NP 0.375 mg/L, FA 0.418
mg/L, BBP 0.4 mg/L, BP 0.815 mg/L
85.% Cu, 83% Cd, 26% Cr, 85% Pb,
72% Zn, 71% DCB, 65% NP, 95%
FA, 95% BBP, 84% BP
85% Cu, 86% Cd, 68% Cr, 92% Pb,
72% Zn, 100% DCB, 88% NP, 93%
FA, 77% BBP, 92% BP
68% Zn (Initial concentration 27
mg/L, for all cases) and 40% Cu
(Initial concentration 5 mg/L, for all
cases)
15% Zn and 30% Cu
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Birch et al.
2005

Ray et al.
2006

Seelsaen et
al. 2006

No.

10

Sorption
media
Course glass
Ash
Zeolite
Compost
Packing wood
Clinoptilolite

Mechanism

Removal efficiency
15% Zn and 28% Cu
50% Zn and 97% Cu
97% Zn and 50% Cu
97% Zn and 90% Cu
88% Zn and 84% Cu

Ion exchange

100% Fe

References

Huang et al.
2006

2.5 Wastewater treatment by sorption media
Nutrient removal from wastewater is accomplished through adsorption and biological
processes. The filter medium acts as a growth chamber for the microorganisms that are
inoculated in the reactors. However, the removal of nutrient may not be accelerated by
these dual effects. As the microorganisms are attached to the surface of the media, they
reduce the surface area available for adsorption. Adsorption may be suppressed by
biological processes in a sorption media system if too much bacteria grow there. Thus,
the growth of microorganisms has competing effects on water treatment by the system.
Table 3 summarizes the sorption media that have been applied to wastewater treatment.
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Table 3: Sorption media used to treat wastewater

No. Sorption media
1

2
3

Tire crumb/Tire
chips
Zeolite+
Expanded Clay

5
6

Sand granules

7

Clay
High density
module
Sandy clay loam
(SCL)

8

Physical/Chemical
Properties

2,4-dichlorophenol
(DCP), 4chlorophenol (CP)

D= 20 to 40 mm, Surface area
403 m2/m3

Sand filter

Polyurethane
porous media
Limestone
Sulfur

4

Additional
environmental
benefits

D= 2.5-5 mm
Porous structure, Average
diameter 3-5 mm, External
pore diameter 300 micron.
D= 2.38 to 4.76 mm
D= 2.38 to 4.76 mm

Porosity 0.56

Sand (53.28%), Silt (24.0%),
Clay (22.72%)
Sand (78.28%), Silt (10.64%),
Clay (11.08%)
Sand (70.28%), Silt (14.64%),
Clay (15.08%)
Bulk density of masonry sand
is 1670 kg/m3; Porosity of
masonry sand is 0.3.
Expanded shale (SiO2
62.06%, Al2O3 15.86%,
Fe2O3 5.8%, CaO 1.44%,
MgO 1.68%); Bulk density of
expanded shale is 728 kg/m3;
Porosity of expanded shale is
0.59.
Powder form, 28% Calcium,
Average particle size 200
micron, Surface area 237 m2/g
D =2.38 to 4.76 mm

Loamy sand (LS)
9

Sandy loam (SL)

Masonry sand

10

Expanded shale

12

Oyster shell
powder
Limestone
Oyster shell
Marble chips

13

Soy meal hull

11

Mg(OH)2 and CaCO3
Direct and acid dye
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D<0.125 mm

References
Bell et al.
1995
Shin et al.
1999
Gisvold et al.
2000
Han et al.
2001;
Wanielista and
Chang, 2008

Zhang 2002
Espino-valdés
et al. 2003
Gálvez et al.
2003
Rodgers &
Zhan 2004

Güngör &
Ünlü 2005

Forbes et al.
2005;
Wanielista
and Chang,
2008
Namasivayam
et al. 2005
Sengupta &
Ergas 2006
Arami et al.
2006

No. Sorption media
Clinoptilolite

14
15

Additional
environmental
benefits

Physical/Chemical
Properties
Composed of melilite,
merwinite, anorthite,
gehlenite

Blast furnace slag
Perlite

D = 0.30 -4.76 mm, Density
0.88 g/cm3
D = 0.40-5 mm, Density
0.656 g/cm3
D = 0.30-5mm, Density 0.4
g/cm3
D = 2.00-5 mm, Density 1.23
g/cm3
D = 3-15 mm, Density 1.31
g/cm3
D = 0.4-4.5 mm, Density
0.864 g/cm3

Clinoptilolite
Expanded clay
Tire crumb
Sulfur
Crushed oyster
shell
Utelite (expanded
16 shale)
Note: D is the diameter of the media

References

Hedström
2006
Rebco II 2007

Smith et al.
2008

Shin et al. (1999) found that tire chips could adsorb volatile organic carbon (VOC)
from wastewater by a biological process and proved that it would be a good filter media
(Shin et al. 1999). Han et al. (2001) used polyurethane-based porous media in an up-flow
biological aerated filter (BAF) to treat wastewater at 18 to 22oC. The BAF consisted of a
sludge drain, wastewater and air inlets, sampling ports and effluent outlet. The porous
media (about 70% of the reactor volume was filled) was used for the growth of
autotrophic nitrifiers and denitrifiers. The nitrification reached nearly 100% and
significant nitrogen loss was observed from the BAF. The heterotrophic denitrifiers were
not responsible for this loss because there was no total organic carbon available in the
system that could serve as electron donors. Nitrosomonas were capable of denitrification
using hydrogen and ammonium as electron donors in the absence of oxygen, but this
process was very slow and could not solely account for the denitrification in the BAF.
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The authors ultimately concluded that the denitrification was completed by autotrophic
nitrifiers and the Anammox reaction in an anaerobic zone (Han et al. 2001). The
maintenance of this kind of system and the growth of the ANAMMOX bacteria were
critical.
Zhang (2002) performed an experiment for nitrate removal in a limestone autotrophic
denitrification (SLAD) pond reactor by sulfur. He assessed the effects of three variables
on nitrate removal: 1) aerobic (mixed) and anoxic (unmixed) conditions, 2) the effect of
temperature and 3) the influence of Chemical Oxygen Demand (COD)/N ratios in the
feed. All the reactors contained sediment from a rural cattle pond and the sulfur and
limestone were not covered by sediment. There were four types of reactors: 1) a reactor
containing granular sulfur and limestone on sediment, 2) same as reactor 1 but seeded
with sulfur-based autotrophic denitrifers (i.e., Thiobacillus denitrificans), 3) a control
case with only the sediment, and 4) same as reactor 1 but with 1/3 less sulfur and
limestone by volume. They observed that the nitrate removal was about 90-100% with
alkalinity control and mixing and about 80-85% without it; the control case had very low
but highly variable nitrate removal. Reactor 2 was not used for testing the influence of
temperature. Nitrate removal was found to increase with increasing temperature in
reactors 1 and 4, but to decrease with increasing temperature in the control case (reactor
3). The COD/N ratio had a strong influence on nitrate removal. It was found that if the
COD/N ratio was < 1.2, the nitrate removal efficiency was 85%. On the other hand, if the
ratio was > 3, the removal was only 30%. High concentrations of organics can promote
rapid growth of heterotrophic bacteria in the system which, in turn, consumes the organic
carbon. This may affect the activity of autotrophic bacteria, ultimately hampering the
nitrate removal.
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Espino-Valdés et al. (2003) conducted experiments to remove nitrogen species from
wastewater by a reactor-based biological process. Their system was an up-flow bioreactor
followed by a clarifier. This reactor was used as a nitrification chamber and the air
required was supplied from the bottom of the reactor. The first clarifier was connected
with a second up-flow bioreactor followed by another clarifier. The up-flow bioreactor
was used as a denitrification chamber and methanol was supplied from the bottom of the
reactor. They used sand to support the growth of biomass and the reactor was inoculated
with secondary sludge. About 81.3% of ammonia-nitrogen was removed at 26.6oC and
94.8% at 32.2oC in 2.7 and 17.4 hours respectively. The final concentration was 1.20
mg/L. Nitrate and nitrite removal were also very significant in the reactor. About 85.6%
at 28.7oC and 95.3% at 33.3oC nitrate+nitrite was removed in 2 and 4 hours, respectively.
The final concentration was 1.6 mg/L. Nitrification and denitrification biomass
concentrations were 365 mg VSS/l and 1461 mg VSS/l. Both the effluent ammonia and
nitrate concentration were within the range acceptable in Mexico. The aquifer recharge
standard limits for ammonia and nitrate-nitrogen are 5 and 10 mg/L respectively in
Mexico.
Gálvez et al. (2003) tried using a submerged fixed film reactor to remove nitrogen
from urban wastewater. There were two columns in the system. The first column was a
down-flow nitrification reactor running under aerobic conditions and the second one was
an up-flow anoxic denitrification reactor. Air was added in the first column and methanol
was added in the second one, both from the bottom. The reactor was filled with clay
schists from recycled construction materials and the study emphasized the influence of
hydraulic loading and the air flow rate on nitrogen removal. The authors found that low
methanol concentrations reduced the nitrate removal efficiency and there was a good
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correlation between nitrogen removal and methanol concentration. The amount of
nitrification can be reduced by direct competition between heterotrophic and autotrophic
bacteria for substrate. The nitrification in the system can be enhanced by decreasing the
organic loadings. The researchers concluded that the system could achieve about 95%
denitrification and about 75% COD was removed (Gálvez et al., 2003). When the
denitrifiers were given less methanol to consume over time, the nitrate removal decreased
but, again, high organic loading can hamper the nitrogen removal process in the system.
Rodgers and Zhan (2004) used a vertically moving biofilm system (VMBS) to
remove nitrogen species from wastewater by biological processes. This small BNR
process was operated at 11oC and consisted of six polypropylene tanks (with dimensions
of 0.40 m* 0.40 m* 0.60 m) in series; six biofilm modules - one for each tank with a
specific surface area of 6.48 m2; a wastewater feed mixing tank; three peristaltic pumps one for the feed mixing tank, one for tap water and the third for recirculation of nitrified
wastewater; and a pneumatic system complete with limit switches and delay controllers.
The delay controllers could lift and lower the biofilm modules. The module speed was
0.2 m/sec and the recirculation ratio was about 2.54. The first two tanks were anoxic for
denitrification and filled with cubes of corrugated PVC sheets with a surface area of 150
m2/m3 and the other four tanks were aerobic for nitrification with a surface area of media
of 240 m2/m3. The flow rate was about 0.397 m3/d. The researchers found an overall
COD removal of 94% with initial concentration of 485 mg/L, TN removal of 82% with
75 mg/L initial concentration and NO3-N removal of 95% with 9.2 mg/L initial
concentration in the system without any clogging. The denitrification rate was about
120.8 g/m3.d and 6.5 g/m3.d in tanks 1 and 2 respectively. They concluded that
nitrification might be inhibited by competition for DO between nitrifiers and heterotrophs
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(Rodgers & Zhan 2004). Module speed was a very critical issue in operating the system.
The modules had to be sufficiently slow that they have sufficient contact time with the
liquid. If the modules are too fast, the biofilm layers may be washed out.
Güngör and Ünlü (2005) conducted nitrate and nitrite removal from wastewater in a
laboratory column experiment with three types of soil (Wanielista and Chang, 2008).
They used sandy clay loam (SCL), loamy sand (LS) and sandy loam (SM) and found
significant nitrate and nitrite removal (>90 %) in all three (Wanielista and Chang, 2008).
This experiment was very important for nitrate removal by soil. It proved that some soils
have an affinity for nitrate but that this will vary from one kind of soil to another (Güngör
and Ünlü, 2005). Forbes et al. (2005) used lightweight expanded shale and masonry sand
for the removal of phosphorus from secondarily treated municipal effluent. The system
contained three cells filled with expanded shale and three cells filled with masonry sand.
They found that sand was a poor candidate for retaining phosphorus and expanded shale
had greater removal efficiency due to its larger surface area (Wanielista and Chang,
2008). The chemical composition (i.e., Fe+Al) and excellent hydraulic efficiency of shale
were also responsible for the removal of phosphorus (Forbes et al. 2005; Wanielista and
Chang, 2008). Sand can remove phosphorus by adsorption if it is rich in clay and silt
particles or rich in minerals. Both of these may have been absent in the masonry sand
tested. Namasivayam et al. (2005) used oyster shell powder (OSP) to remove phosphorus
from wastewater at 24oC. They found that raw oyster shells had no affinity for
phosphorus but about 45% of phosphorus in batch mode and 85% of phosphorus in
continuous mode was removed by OSP. They concluded that the phosphorus was
removed by sorption as amorphous calcium phosphate on the OSP surface and then
slowly transformed into the more stable hydroxyapatite (Namasivayam et al., 2005).
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Sengupta and Ergas (2006) experimented to remove nitrate from wastewater by using
sulfur, marble chips, limestone, and oyster shell (Wanielista and Chang, 2008). In one
system there were sulfur, marble and limestone and in the other system sulfur, marble and
oyster shell. Their experiment revealed the significant potential of using those solids as
sorption media. They found that oyster shell (almost 98% CaCO3) could remove 80%
nitrate while limestone only removed 56% nitrate. The pH and alkalinity were higher for
oyster shell relative to limestone and marble chips (Wanielista and Chang, 2008). Oyster
shell was very efficient at reducing nitrite accumulation and DO did not inhibit
denitrification when oyster shell was used as the filter media. It was proved that the
system containing oyster shell was following the sulfur oxidizing denitrification pathway.
Sulfur oxidizing microorganisms generally follow aerobic autotrophic denitrification. A
first order denitrification was observed of about 0.028/hr in this study. It can be
concluded that oyster shell is much more effective than limestone or marble chips for
removing nitrate through sulfur oxidizing microorganisms. Oyster shell is also a good
candidate for controlling pH, which is a limiting factor for denitrification (Sengupta and
Ergas, 2006; Wanielista and Chang, 2008).
Arami et al. (2006) studied the adsorption of direct (i.e., DR80 and DR81) and
acid (i.e., AB92 and AR14) dyes by soy meal hull (SMH) to simulate the nutrients. The
surface area of SMH was 0.7623 m2/g. In all cases, the higher the initial dye
concentration, the lower the dye adsorption. They observed that, with an initial
concentration of 50 mg/L and a pH of 2, the removal efficiencies of DR80, DR81, AR14
and AB92 were 98%, 97%, 86% and 98%, respectively after 120 minutes. The maximum
monolayer adsorption capacity for DR80 was 178.57 mg/g, 120.48 mg/g for DR81,
114.94 mg/g for AB92 and 109.89 mg/g for AB14. The adsorption capacity of SMH
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increased when the pH decreased. SMH has various functional groups like amines,
hydroxyl and carbonyl groups. At lower pH (i.e. 2), significantly high electrostatic
attraction might exist between the positively charged surface of SMH and negatively
charged dyes. At higher pH (i.e. 10), SMH adsorbed less dyes due to higher negatively
charge on SMH surface. It was found that at pH 10 significant electrostatic repulsion
existed between SMH surface and dyes. They found that pH and dye removal was
inversely related. It was concluded that electrostatic attraction, and the organic properties
and structure of dye molecules might influence the adsorption process (Arami et al.
2006).
Smith et al. (2008) experimented on passive (i.e., not depending on pumping and
external aeration) nitrogen removal from septic tank wastewater in Florida. They used
three filter systems with the same structure. Each system had two columns: one was
vertical, filled with stage 1 media (i.e., saturated condition, aerobic), and the other one
was horizontal, filled with stage 2 media (i.e., unsaturated condition, anoxic). The stage 1
media were clinoptilolite (having ion exchange properties), expanded clay (to increase
the retention time and have adsorption properties) or tire crumb (having adsorption
properties) and stage 2 media were elemental sulfur (an electron donor medium for
denitrifiers), crushed oyster shell (used as an alkalinity source) or utelite (expanded shale
with anion exchange properties). In system one, the vertical column (1A) was filled with
clinoptilolite and the horizontal column (2A) was filled with 75% sulfur and 25% oyster
shell. In system two, the vertical column (1B) was filled with expanded clay and the
horizontal one (2B) with 60% sulfur, 20% oyster shell and 20% expanded shale. In the
third system, the vertical column (1C) was filled with tire crumb and the horizontal one
(2C) was filled with 45% sulfur, 15% oyster shell and 40% expanded shale. The
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researchers found strong removal of nitrogen species. TN removal was about 97.1% for
[1A+2A], 97.7% for [1B+2B] and 33% for [1C+2C]. Total inorganic nitrogen (TIN)
removal was about 99.8% for [1A+2A], 98.1% for [1B+2B] and 34.4% for [1C+2C]. TN
removal was about 50.6% for 1A, 26.1% for 1B and 13% for 1C. NH3-N removal was
about 99.9% for 1A, 99.9% for 1B and 60.5% for 1C. The denitrification process in the
system was also good with the denitrification rate the lowest in column 2C. They
proposed two possible explanations for this: 1) the amount of sulfur was lowest in this
column, so there were not enough electron donors for denitrification, and 2) harmful
leachates from the tire crumb may have been present in this column. The DO
concentration was 7.21 mg/L on average in stage 1 columns and 0.34 mg/L on average in
stage 2 columns (Smith et al. 2008). The above discussion summarizes the most recent
development in this field. Table 4 details the general success of using sorption media to
remove various pollutants, especially nutrients, from wastewater under the conditions
shown.
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Table 4: Nutrient removal efficiency from wastewater by different sorption media
No.

Sorption media Mechanism

1

Tire Chips

2

Polyurethane
based porous
media

3

Sulfur:
limestone
autotrophic
denitrification
(SLAD)

4

5
6

7

8

9.

Sand

Clay schists
Biofilm
modules
Sandy clay
loam (SCL)
Loamy sand
(LS)
Sandy loam
(SM)
lightweight
expanded shale
masonry sand

OSP
Marble chips

Removal efficiency

Biological process

VOC
100% Ammonia and nitrite
(Initial concentration 50
mg/m3), Ammonia loading rate
NitrificationDenitrification
1.8 kg NH4-N/m3/d
90-100% nitrate with alkalinity
control and mixing, about 8085% nitrite without alkalinity
control (Initial concentration
Denitrification/Chemi 30 mg-N/L and loading rate 1
cal reaction
g NO3-N/m3/day)
% of ammonia (Initial
concentration 22.4 mg-N/L),
Nitrification85.6% nitrate+nitrite (Initial
Denitrification
concentration 55 mg-N/L)
95% denitrification (Initial
concentration 80 mg-N/L),
75% COD (Initial
concentration 450 mg-N/L),
Nitrogen removal rate 0.64 kg
N/m3/d, Hydraulic loading rate
NitrificationDenitrification
0.71 m3/m2/h, HRT 1.6 h,
Nitrification94% COD, 82%TN, 95% NO3Denitrification
N
90% Nitrate+Nitrite (Initial
concentration 11.87 mg-N/L
90% Nitrate+Nitrite (Initial
concentration 11.87 mg-N/L)
Nitrification90% Nitrate+Nitrite (Initial
Denitrification
concentration 11.87 mg-N/L)
NitrificationDenitrification

Oyster shell

Han et al.
2001

Zhang 2002
Espinovaldés et al.
2003

Gálvez et al.
2003
Rodgers &
Zhan 2004

Güngör &
Ünlü 2005

2005
45% Phosphorus in batch
mode, 85% Phosphorus in
continuous mode (Initial
concentration 10 mg/m3)
Only nominal amount
56% of nitrate (Initial
concentration 40 mg-N/L)
80% nitrate (Initial
concentration 40 mg-N/L)

Adsorption

Limestone
10

References
Shin et al.
1999

Adsorption
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Namasivaya
m et al.
2005

Sengupta &
Ergas 2006

No.

Sorption media Mechanism

11

Soy meal hull
(SMH)

12

Clinoptilolite
Expanded clay
Tire crumb
Clinoptilolite+(
75%
sulfur+25%
oyster shell)
Expanded
clay+(60%
sulfur+20%
oyster
shell+20%
expanded shale)
Tire
crumb+(45%
sulfur+15%
oyster
shell+40%
expanded shale)

Removal efficiency
98% DR80, 97% DR81, 86%
AR14, 98% AB92 (Initial
concentration 50 mg/L)
50.6% TN (Initial
concentration 77.4 mg/L, for
all cases), 99.9% ammonia
(Initial concentration 52.5
mg/L, for all cases)
26.1% TN, 99.9% ammonia
13% TN, 60.5% ammonia
97.1% TN, 99.8% TIN (Initial
concentration 56.8 mg/L),
Hydraulic loading rate 110.42
l/m2/d,

Adsorption

References
Arami et al.
2006

97.7% TN, 98.1% TIN,
Hydraulic loading rate 120.2
l/m2/d

33.% TN, 34.4% TIN,
Hydraulic loading rate 102.27
l/m2/d

NitrificationDenitrification

Smith et al.
2008

2.6 Groundwater treatment by sorption media
Groundwater is the most expensive and difficult type of water body to treat. Most of
the existing research has been done in shallow groundwater. The main problem in
working with groundwater is that water may change its flow pathway during the test.
Benson and Lee (2001) used waste foundry sand to treat groundwater (Benson & Lee
2001). Table 5 summarizes the sorption media used to treat groundwater.
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Table 5: Nutrient removal efficiency from groundwater by different sorption media:
Sorption media used to treat groundwater
Additional
environmental
Physical/Chemical
No. Sorption media
benefits
Properties
References
TCE, Zn,
Metolachlor,
Waste foundry
Alachlor,
Benson & Lee
1
sand
Herbicides
2001
Monterey pine (Pinus
Schipper et al.
2
Sawdust
radiata D. Don) sawdust, 2005
Schipper et al. (2005) performed an experiment with a sawdust denitrification wall to
remove nitrate in shallow ground water with a HRT of 5 days (table 6). They filled a
trench (about 35 m long, 1.5 m deep and 1.5 m wide) with Monterey pine sawdust (Pinus
radiata D. Don; 30% by volume) mixed with the excavated soil. The authors suggested
that the nitrate concentration was the limiting factor to denitrification, rather than carbon,
because the denitrification rate increased when additional nitrate was added to the soil.
Due to the higher nitrate level, the denitrifiers could grow easily and subsequently
increased the denitrification rate. No nitrate accumulation was observed in the soil
organic matter; neither was nitrate transformed into ammonia. They found a nitrate-N
removal rate of 1.4 g N m-3 of wall d-1, which was about 97.2% of nitrate removal
(Schipper et al. 2005; Wanielista and Chang, 2008).

Table 6: Nutrient removal efficiency from groundwater by different sorption media
No.
Sorption media
Mechanism
Removal efficiency
References
97.2% nitrate ((Initial
concentration 50 mgN/L)), Nitrate-N removal
Schipper et al.
1
Sawdust
Denitrification
rate 1.4 g N/m3/d
2005
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2.7 Landfill leachate treatment by sorption media
Groundwater can also be contaminated by landfill leachate. Some protective
measures are taken during landfill construction, but the condition of the system may
deteriorate with time and start to pollute the groundwater. For this reason, it is sometimes
necessary to treat the landfill leachate. Table 7 summarizes the use of sorption media in
the treatment of landfill leachate.

Table 7: Sorption media used to treat landfill leachate
Additional
environmental
Physical/Chemical
No. Sorption media
benefits
Properties
Wood chips
compost with
household waste
1
Crushed bricks
2
Tire crumb
VOC
Wood chips
Oversized
pulverized brick
Polystyrene
3
packing
Peat
Manufactured from
cretaceous rock Opoka
(SiO2 39.4%, CaO 42%,
Polonite
Al2O3 4.3%, Fe2O3 2%)
SiO2 36.2%, CaO 35%,
Zn, Ni, Co, Ti, Cu, MgO 13.4%, Al2O3
4
Blast furnace slag Ba
10.6%

References

Jokela et al. 2002
Lisi et al. 2004

Savage & Tyrrel
2005

Kietlińska
&
Renman
2005;
Wanielista
and
Chang, 2008

Jokela et al. (2002) conducted an experiment to eliminate nitrogen from municipal
landfill leachate by a biological process. Nitrification was tested in three types of
reactors: 1) up-flow (UF) nitrification filter with crushed brick as a filter medium, 2)
down-flow (DF) nitrification filter with wood chips and 3) nitrification in suspended
carrier biofilm process (SCBP). All the nitrification reactors were inoculated by nitrifying
activated sludge collected from a sewage treatment plant. In the UF filter, nitrification
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efficiency was about 60% to 88% in 60 days and after 60 days it was above 90%. COD
removal efficiency ranged from 26% to 62%. In the DF filter, the nitrification efficiency
was about 90% after 70 days and no COD removal was detected. With SCBP, the
nitrification efficiency was 75% to 99% after between 112 to 196 days and COD removal
was 53% to 63%. They suggested that the UF nitrification mode was more efficient due
to its higher HRT. Denitrification was tested in a landfill waste column fed by a nitrified
sample from the SCBP. They concluded that leachates with high COD might inhibit
denitrification by favoring the growth of heterotrophs over nitrifiers (Jokela et al., 2002).
Lisi et al. (2004) tested the use of granulated tires for the removal of nitrate. They
found that 48 kg of tire crumb can remove 16.2 g of NO3--N by adsorption (Lisi et al.,
2004; Wanielista and Chang, 2008). Savage and Tyrrel (2005) used wood mulch,
compost, soil, broken brick and polystyrene packaging to remove NH3-N and
Biochemical Oxygen Demand (BOD5) from compost leachate (Wanielista and Chang,
2008). They concluded that wood mulch (75% removal) and compost (55% removal) had
better removal efficiencies and polystyrene (31% removal) was the least effective at
removing NH3-N. Similarly, for BOD5, compost had a better removal efficiency (i.e.,
about 78%) and polystyrene was the least efficient (i.e., about 34%). The researchers
found that compost and wood mulch had a tendency to increase the pH and concluded
that specific surface area, void space, permeability, media durability and strength, and
absorption/ adsorption capacity might influence removal efficiency (Savage and Tyrrel,
2005; Wanielista and Chang, 2008).
Kietlińska and Renman (2005) applied sand, blast furnace slag (BFS) and Polonite®
(a calcinated opoka, a siliceous sedimentary rock) to remove nitrogen species and heavy
metals from landfill leachate in a column study. Peat was mixed with each of them in a
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ratio of 1:4 by volume. TIN could be removed by sand (about 4%), Polonite (18%) and
BFS (8%). Kietlińska and Renman inferred that the wollastonite in Polonite might be
responsible for the removal of nitrogen species as wollastonite has some preference for
nitrogen species, especially ammonia. Polonite could also remove 89% magnesium (Mg),
99% manganese (Mn), 93% Fe, 86% Zn, 86% zirconium (Zr), 85% barium (Ba), 67%
Cu, 77% titanium (Ti), 60% yttrium (Y), and 30% cobalt (Co); BFS could remove 20%
Fe, 62% Zn, 63% Zr, 31% Ba, 66% Cu, 33% Co, 19% Ni, and 16% molybdenum (Mo);
and sand could remove 25% Cu and 15% Mo. Polonite might be removing the metals by
precipitation, ion exchange and adsorption. They concluded that pH can affect the
removal of heavy metals by polonite and hydroxide precipitation is responsible for the
high removal of metals by forming insoluble precipitates. Table 8 synthesizes the general
success of using sorption media to remove various pollutants, especially nutrients, in
landfill leachate under the given conditions.
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Table 8: Nutrient removal efficiency from landfill leachate by different sorption media
No. Sorption media
Mechanism
Removal efficiency
References
Nitrification efficiency was
about 60% to 88% in 60 days
and after 60 days it was above
90%, COD removal efficiency
Up-flow (UF)
was ranged from 26% to 62%
nitrification filter with
(Initial concentration 60-170
crushed brick as a filter
mg-N/L and 230-510 mg
medium
O2/L, for all cases)
Down-flow (DF)
nitrification filter with
Nitrification efficiency was
wood chips
about 90%
Nitrification in
Nitrification- Nitrification efficiency was
Jokela et al.
suspended carrier
Denitrificatio 75% to 99%, COD removal
2002
1
biofilm process (SCBP) n
was 53% to 63%
48000 g of tire crumb can
Lisi et al.
2
Tire crumb
Adsorption
remove 16.2 g of NO3—N
2004
75% NH3-N (Initial
concentration 705 mg/L, for
all cases), 70% BOD5 (Initial
concentration 48720 mg/L,
Wood mulch
for all cases)
Compost
55% NH3-N, 78% BOD5
Soil
38% NH3-N, 44% BOD5
Broken brick
35% NH3-N, 74% BOD5
Adsorption/Ni
trificationSavage &
Denitrificatio
3
Polystyrene
31% NH3-N, 34% BOD5
n
Tyrrel 2005
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No.

Sorption media

Mechanism

Sand+Peat

Blast furnace slag
(BFS)+Peat

4

Polonite+Peat

Precipitation,
Ion exchange,
Adsorption

Removal efficiency
References
2% Mg (Initial concentration
101 mg/L, for all cases), 2% S
(Initial concentration 124
mg/L, for all cases), 25% Cu
(Initial concentration 0.03
mg/L, for all cases), 15% Mo
(Initial concentration 0.02
mg/L, for all cases), 4% TIN
(Initial concentration 105.9
mg/L, for all cases)
89% Mg, 4% S, 99% Mn
(Initial concentration 0.57
mg/L, for all cases), 93% Fe
(Initial concentration 0.61
mg/L, for all cases), 86% Zn
(Initial concentration 0.08
mg/L, for all cases), 86% Zr
(Initial concentration 0.003
mg/L, for all cases), 85% Ba
(Initial concentration 0.19
mg/L, for all cases), 67% Cu,
77% Ti (Initial concentration
0.002 mg/L, for all cases),
60% Y (Initial concentration
0.001 mg/L, for all cases),
30% Co (Initial concentration
0.004 mg/L, for all cases), 2%
Ni (Initial concentration 0.02
mg/L, for all cases), 8% TIN
Kietlińska
20% Fe, 62% Zn, 63% Zr,
& Renman
31% Ba, 66% Cu, 33% Co,
2005
19% Ni, 16% Mo, 18% TIN

2.8 Drinking water treatment by sorption media
Applications of biological processes to drinking water treatment are common
nowadays although there is a danger on unintentional introduction of bacterial
contaminants. Disinfectant should be used to reduce possible bacterial contamination.
However, nutrients and heavy metals can be removed by adsorption and ion exchange
processes with sorption media. For drinking water generation, the use of sorption media
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is much more attractive than biological processes. As sorption media are good supports
for bacterial growth, they should be changed frequently when treating drinking water.
Table 9 lists the sorption media that have been applied to drinking water treatment.
Table 9: Sorption media used by different researchers to treat drinking water
Additional
environmental
Physical/Chemical
No. Sorption media
benefits
Properties
References
0.40 cm width ribbons,
(25.49% extractives,
43.11% cellulose,
Volokita et al.
29.59% lignin, 2.59%
1
Newspaper
ash)
1996
Sulfur
D =2.38 to 4.76 mm
2
Limestone
3
Cotton waste
Note: D is the diameter of the media

D =2.38 to 4.76 mm

Darbi et al. 2002;
Drabi et al. 2003
Rocca et al. 2005

Volokita et al. (1996) used shredded newspaper for denitrification of drinking
water in a column study. Newspaper is a good source of carbon and colony support for
microbial populations. They found that the system could remove about 77.78% of the
nitrate after 30 days and 38.9% after 120 days. This longer time was taken to
accommodate the growth of denitrifying bacteria in the system. The study showed that
temperature and retention time has a marked effect on cellulose-based denitrification. The
retention time can be increased by decreasing the flow or by increasing the length of the
system. The ink on newspaper also affected microbial growth in the system, but was not a
limiting factor. The research group observed that the highest denitrification rate occurred
at temperatures of 25-32oC and with unprinted newspaper (Volokita et al. 1996).
Darbi et al. (2002) assessed sulfur and limestone for nitrate removal through
autotrophic denitrification from potable water in a batch study (Wanielista and Chang,
2008). In this experiment, sulfur was used as an electron donor and limestone was used to
maintain the pH. They found that the optimum mixing ratio of sulfur and limestone is
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1/1, yielding about 98% nitrate removal and minimizing sulphate production at pH 7
(Wanielista and Chang, 2008). Sulphate production was also decreased when the nitrate
removal was increased (Wanielista and Chang, 2008). The authors suggested that
increasing the retention time may obtain higher removal efficiency (Darbi et al. 2002;
Wanielista and Chang, 2008). The same research group did a column test for nitrate
removal from potable water (Darbi et al. 2003; Wanielista and Chang, 2008). In this
study, there were three up-flow columns filled with elemental sulfur and limestone at
ratios of 1/1, 2/1 and 3/1. All the columns were inoculated by Thiobacillus denitrificans.
With 26 h HRT, the nitrate removal was about 95-100% and nitrite concentrations were
below 1 mg NO2--N/L in all columns. The nitrate removal and sulfate production were
highest when the sulfur-to-limestone ratio was 2/1. It was noticed that the sulfate (SO42-)
production increased with both increasing volumetric loading rate and when the nitrate
removal was increased. About 6 mg SO42- was produced for 1 mg NO3--N removal
(Darbi et al. 2003; Wanielista and Chang, 2008).
Rocca et al. (2005) used cotton-supported heterotrophic denitrification (HD) for
the removal of nitrate from drinking water. There were two reactors: a HD reactor
followed by a trickling sand filter (TSF). Cotton (it is the purest form of naturally
occurring cellulose) was used as the organic carbon source and supporting material for
the growth of denitrifiers. Nitrate removal was about 91.5% at a system temperature of
28oC. The research group found that nitrate removal decreased with increasing
temperature and increased with increasing water velocity (Rocca et al. 2005). Table 10
integrates the general success of using sorption media to remove various pollutants,
especially nutrients, in the drinking water under some given conditions.
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Table 10: Nutrient removal efficiency from drinking water by different sorption
media
No.

1

2

3

Sorption media

Shredded newspaper

Sulfur + limestone (1:1)

Cotton

Mechanism

Denitrification

Removal efficiency
77.78% of nitrate after
30 days and 38.9% of
nitrate after 120 days
(Initial concentration
22.58 mg-N/L), Nitrogen
removal rate 0.73 mg
N/g-paper/d

References

Denitrification

98% nitrate (Initial
concentration 27 mgN/L)

Darbi et al.
2002

Denitrification

91.5% Nitrate (Initial
concentration 100 mgN/L)

Rocca et al.
2005

Volokita et
al. 1996

Figures 1 and 2 illustrate the timeline of how using sorption media for nutrient
removal has progressed over the past three decades. The most intensive work was
performed in recent years. This was triggered by the acute need of a regulatory
framework for nutrient control in on-site wastewater treatment, stormwater treatment,
combined sewer overflow, LID, etc.
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Washington DC sand filter method

1989

Delaware sand filter

1991

Austin sand filter

1992

Sandy coastal soil

Newspaper

1996

Alfalfa, mulch compost, newspaper, sawdust, wheat
straw, wood chips

Activated carbon, peat moss,
compost, sand
Sulfur:
limestone

2000

Polyurethane based porous
media

Crushed brick, wood
chips

Sulfur, limestone

Clay schists from recycled
construction materials

Sand

Biofilm module

2001

2002

2003

Granulated tire

2004
2005

Mulc,
soil,
sand

Zeolite,
pure
quartzitic
sand

Sandy clay
loam, loamy
sand, sandy
loam

Fe and
clinoptilolite

Sawd
ust
wall

Sand,
blast
furnace
slag,
Polonite

Cotton

Marble chips, limestone, and
oyster shell

Clinoptilolite, expanded clay, tire crumb, elemental
sulfur, crushed oyster shell, Utelite

2006

2008

Figure 2: Flow chart showing the methods of nitrogen species removal in chronological
order
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Mulch, soil,
sand

Washington DC sand filter method

1989

Delaware sand filter

1991

Sand, peat, crushed lime rock,
wollastonite

1997

Activated carbon, peat moss, compost,
sand

2001

Zeolite, pure
quartzitic
sand

Lightweight
expanded shale,
masonry sand

Oyster shell
powder

2005

Figure 3: Flow chart showing methods of phosphorus species removal in chronological
order

2.9 Real Time PCR for microorganism identification and quantification
The nature of the microorganism population can affect the effluent water quality
in a biological wastewater treatment system (Hurst 2006). To confirm the presence of
nitrifiers and denitrifiers in the system, Real-time PCR (i.e., Applied Biosystem, Step one
real time PCR system) was used to determine the presence of nitrifiers and denitrifiers.
The samples for PCR analysis were collected in 1.5 mL micro centrifuge tubes from three
locations in the RSF: 1) from the top of the middle layer, 2) from the half way point of
the middle layer, and 3) from the bottom of the middle layer. The samples were kept in 20oC for a short period before extracting the DNA. The DNA of the microorganisms was
extracted from the sand sample by following the procedure described in the SoilMasterTM
DNA extraction kit (e.g., EPICENTER Biotechnologies). It was possible to get about 300
μL of DNA sample by following this procedure.
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Subsequently the samples were

analyzed in the PCR by a using specific primer; the remaining samples are kept frozen at
-20oC for future use. Real-time PCR quantification was done to amplify amoA gene
(ammonia monooxygenase gene) from ammonia oxidizing bacteria (AOB), NSR gene
(nitrite reductage gene) from nitrite oxidizing bacteria (NOB) in nitrification and nirK
gene (nitrite reductage gene) from nitrite reductage denitrifiers. The oligonucleotide
sequences of the primers are shown in Table 11.

Table 11: The oligonucleotide sequences of the primers
General
Ammonium
monooxygenase
(amoA)
16S rDNA
Nitrospira spp.
(NSR)
Nitrite reductase
(nirK)

Target
Oligonucleotide sequences
Autotrophas
amoA-1F
(Nitrosomonas GGGGTTTCTACTGGTGGT
Europaea)
amoA-2R
CCCCTCKGSAAAGCCTTCTTC
Nitrospira
NSR 1113F
spp.
CCTGCTTTCAGTTGCTACCG
NSR 1264R
GTTTGCAGCGCTTTGTACCG
Alcaligenes
nirK 876
xylosoxidans
ATYGGCGGVAYGGCGA
(here Y=C or T; V=A or C or G,
according to NCBI & IUPAC)

Reference
Rotthauwe
et al. 1997

Dionisi et al.
2002

Braker et al.
1998

Here: NCBI = NATIONAL CENTER FOR BIOTECHNOLOGY INFORMATION (NCBI)
IUPAC = INTERNATIONAL UNION OF PURE AND APPLIED CHEMISTRY (IUPAC).

Table 12 shows the PCR mixture for amplification of a different gene. The PCR
protocol for AOB was as follows: first stage -- 2 min at 50oC, 10 min at 95oC, second
stage with 40 cycles of 45 sec at 95oC, 60 sec at 55oC and 45 sec at 72oC (Okano et al.
2004). The PCR protocol for NSR was as follows: first stage -- 2 min at 50oC, 10 min at
95oC, second stage with 35 cycles of 15 sec at 95oC and 30 sec at 63oC (Harms et al.
2003). The PCR protocol for nirK was as follows: first stage -- 120 sec at 50oC, 600 sec
at 95oC, second stage with 6 touchdown cycles consisting of 15 sec at 95oC for
denaturation, 30 sec at 63oC for annealing, 30 sec at 72oC for extension and 15 sec at
80oC for the final data capture step. The annealing temperature was decreased down by
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1oC from the second cycle up to 58oC, the last cycle with a annealing temperature of
58oC was repeated 40 times (Henry et al. 2004). Step One v2.1 software developed by
Applied Biosystem was used for the real time PCR data analysis. Since the standard
curve was developed based on the gene copy number per μL, the copy number of amoA,
NSR and nirK can be calculated using the standard curve.
Table 12: The composition of PCR mixture for amplification of different gene (unit in
µL)
amoA (Ammonia
oxidizing bacteria)
SYBR Green
Primer
Standard DNA or template DNA
DEPC water
Total

12.5
1.5
2.0
9.0
25.0

NSR (Nitrite
nirK (Nitrite reductage
reductage nitrifiers)
denitrifiers)
12.5
1.5
2.0
9.0
25.0

12.5
1.0
1.0
10.5
25.0

2.10 Conclusion
This report describes in summary the notable researches for nutrient removal by
media mixture from stormwater, wastewater, land fill leacate, groundwater and drinking
water. Beneficial information has been learned from those experiments. It is discovered
that media mixture can be a good organic carbon source and can create an excellent
environment for microorganism growth. But all of those researches are limited in
laboratory experiment. It is an important task to apply the valuable experimental
information for field applications. For this reason, this paper has two parts. The second
part will focus on the practical application of nutrient removal technology and future
research potential on this area. There are some feasible economic techniques for nutrient
removal. Some of those technologies are applied by different researchers.
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CHAPTER 3: NITRIFICATION AND DENITRIFICATION IN A
PASSIVE ON-SITE WASTEWATER TREATMENT SYSTEM
WITH/WITHOUT A RECIRCULATION FILTRATION TANK

3.1 UCF OSTDS testing center
3.1.1 Introduction to conventional septic tank system
A conventional OWTS usually includes a septic tank and 1-m wide subsurface
trenches dug 0.6–1.0 m deep in 3-m centers. Gravity distribution is used in the drain
field, and the size is from 30 to 200 linear meters of trench for a single family home,
depending on soil properties. The traditional septic tank is a watertight container made of
concrete, fiberglass, or other durable material. It provides primary treatment for
wastewater as solids settle to the bottom of the tank where they are partially decomposed
by bacteria. A layer of soaps, greases, and scum normally floats on the top of the liquid
wastewater. The accumulated floating scum and submerged solids must be removed
periodically. The liquid wastewater contained in the septic tank, called effluent, enters the
next major component of the septic system, the drain field or leach field, which consists
of a series of parallel, underground, perforated pipes. This drain field allows wastewater
to percolate into the surrounding soil (the vadose zone). Ideally, various physical,
chemical, and biological processes reduce nutrients, bacteria, and viruses in the
wastewater as the wastewater effluent travels down through the soil layers.
3.1.2 Methodology to UCF field-scale test center
The OWTS test center at the University of Central Florida (UCF) is sponsored by
Florida Department of Environmental Protection (FDEP), with guidance from the state
Department of Health (DOH), and was designed to systematically evaluate nutrient
removal. The OSTDS treatment technology consists of a septic tank, an optional
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sand/media filter circulation tank, and two drain fields in parallel (see Figure 4). The size
of each drain field is about 6.09 m × 4.57 m × 1.22 m (20 × 15 × 4 feet3). At the
beginning performance of two drain fields are evaluated. Only one drain field (i.e. Wash
Builder's sand drain field) has chosen for the final phase of experiment. The wastewater
source for the Test Center is the 15-person BPW Scholarship House (a female dormitory
at UCF campus), which contains a kitchen, washing machine, and living quarters. There
are a total of nine (9) sampling points, including S1, and S3-S10 (assuming that the
conditions of S2 and S3 are not different). S1 is the raw sewage from the source before it
is mixed with the treated wastewater from the sand-filter tank (S4). S2 and S3 are the
wastewater after the septic tank (1.5 days retention time). The sand-filter tank has approx.
1-2 hours retention time. S4 is a sampling port at the outlet of the sand-filtered tank. The
distribution tank has an approximate 0.5 day retention time. Three (3) lysimeters were
installed at 8”, 16”, and 24” below the infiltrate surface of each drain field. These
lysimeters (S5-S10) collect wastewater infiltrate in the vadose zone as the effluent travels
through the sand. For this study, a composite sampling method was applied for sample
collection; the composite sample is a combination of samples collected at different time
periods and combined into one representative sample for chemical analysis, saving a
significant amount of analysis cost, as only one sample is analyzed. Samples were
collected biweekly in the morning (from 6:00 to 8:00 am), at mid-day (from 11:00 am to
1:00 pm), and in the evening (from 5:00 to 7:00 pm). Major nutrients of concern included
ammonia, NOX-N (the sum of nitrate and nitrite), NO2--N, TN, soluble reactive
phosphorus (SRP), TP, fecal coliforms, and E. coli. All samples were analyzed by a
certified laboratory, Environmental Research & Design Inc. (ERD) in Orlando, Florida.
Dissolved oxygen (DO), pH, conductivity and temperature were measured on site using a
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HACH HQd field case. Dissolved organic carbon (DOC) was analyzed by using a
Phoenix 8000 UV-per sulfate TOC analyzer. The data was analyzed by using TOC talk
3.0 software. The sample was filtered by 0.45 micron membrane filter before doing the
DOC analysis. It was very difficult to get organic carbon (OC) free DI water. The
standard curve and the dilution for DOC analysis were made by ultra pure DI water
which had a DOC concentration of 0.3 mg/L. This concentration was subtracted from the
result for standard curve and sample.
In addition to those parameters requiring a grab sample analysis mentioned above,
NH4+, nitrite-nitrogen (NO2-N), nitrate-nitrogen (NO3-N), TN and TP were measured by
a certified lab. For the real-time polymerase chain reaction (Real-Time PCR) analysis at
the UCF laboratory, each media sample from different steps was collected into a 1.5 mL
microcentrifuge tube and kept at -20 °C until use. Although E. coli are part of fecal
coliforms, they are picked up as the surrogate index of some detrimental microorganisms.
The wastewater is pumped to 3.78 m3 (1,000 gallon) and 5.10 m3 (1,350 gallon)
septic tanks from where the effluents are divided into different final disposal alternatives.
While the former septic tank handles both the B&G drain field (Figure 4) and the wetland
system (Figure 4), the latter one handles both standard drain fields (Figure 4). A dosing
tank is connected to one septic tank for handling the collected effluent from B&G
treatment processes. On average, the pump and pipe arrangement delivers an average of
0.75 m3/day (200 gpd) to each of the four drain fields, including two convention ones
with different sands, the B&G drain field, and the wetland system with four cells. Each
conventional drain field and the B&G drain field received about 200 gallons of
wastewater daily. Figure 4 shows the schematic testing location at the UCF. Figure 5 & 6
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show the schematic diagram of standard drain field project with and without RSF
respectively.

Figure 4: A simple layout of OSTDS at UCF test center.
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Figure 5: Schematic diagram of the standard drain field project
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Figure 6: Schematic diagram of the standard drain field without RSF tank
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3.1.2 Influent conditions and media mixture
Formal sampling campaign was launched on Oct. 13 2008 in the conventional drain
field and B&G drain field. The influent concentrations of sewerage are shown in table 13.
Table 14 gives idea about media mixture used in the RSF and B&G drain field.
Table 13: Influent concentration - average and standard deviation
(a) Basic parameters (mg/L)
Parameter
ALK
TSS
BOD5
CBOD5
Influent (S1) (Oct ’08 – Sep ’09) 296 ± 62
208 ± 162
230 ± 225
130 ± 100
NSF/ANSI 40
> 175
100 - 350
100 – 300
*ALK: alkalinity, TSS: total suspended solid, BOD5: 5 day biochemical oxygen
demand, CBOD5: 5 day carbonaceous biochemical oxygen demand
(b) Influent average and standard deviation concentrations – nitrogen parameters (mg/L)
Ammoni
Organic
Nitrate-N Nitrite-N
TKN
TN
Parameter
a-N
N
Influent
39.0 ±
0.335 ±
0.183 ±
51.7 ±
12.7 ±
50.7 ±
(S1) (Oct ’08 –
16.1
1.123
0.518
15.9
12.8
16.2
Sep ’09)
NSF/ANSI 40
35 – 70
*TKN: Total Kjeldahl Nitrogen, Organic N: Organic nitrogen, TN: Total nitrogen
(c) Influent average and standard deviation concentrations – phosphorus parameters
(mg/L)
Parameter
SRP
Organic P
TP
Avg. Influent (S1) Phase I 4.59 ± 1.5
2.15 ± 1.8
7.12 ± 2.6
* SRP: Solvable reactive phosphorus, Organic P: organic phosphorus, TP: Total
phosphorus

Sorption Media
Bold & Gold
(B&G)

Recirculation
Media

Table 14: UCF developed green sorption media
Recipe
Note
68% Astatula sand
This sorption media is used at the bottom
25% Tire crumb
layer in the B&G drain field.
7% Sawdust
50% Citrus grove sand
20% Limestone
This sorption media is used in the top
15% Tire crumb
layer of recirculation tank in one of the
10% Sawdust
three testing stage
5% Expanded clay
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Table 15: Summary of the experimental settings of conventional passive OSTDS
Number of
ID
Date
Experimental Settings
Dataset
3

•
•

Mar – Apr
2009

4

•
•

Sep – Oct
2009

3

Recirculation
I

Oct – Nov
2008

Recirculation
II
Recirculation
III

•
•

Septic tank – Recirculation – Drain Field
Astatula sand used as the filtrating media in
the recirculation tank
Approx. 3:1 Return-To-Forward ratio
Very coarse sand media in the recirculation
tank
Precisely 3:1 RTF ratio
Green Sorption Media

3.2 System design of recirculation tank with sorption media
Design improvements have been made to the recirculation tank based on our
evaluation of the three different media used inside the recirculation tank and their
resulting differences in performance. Replacement of sand with green sorption media
together with a unique hydraulic design in the recirculation tank eventually improves the
overall system performance. The basic design (Recirculation I) started out with a
recirculation tank filled with Astatula sand. However, the major goal in Recirculation I is
to discern the removal efficiency of two types of sand, including Astatula sand and wash
builder’s sand, associated with these two conventional drain field to examine whether or
not they have significantly different performance for final wastewater disposal. Once the
better choice may be determined, we started altering the sand materials within the
recirculation tank. The initial run caused clogging in the Astatula sand, increasing the
hydraulic retention time in the recirculation tank and sometimes overflows. With this
experience, the design (Recirculation II) in the second set of tests stage used very course
sand (washed builder’s sand) instead of Astatula sand. The coarse sand did not get
clogged, but made marginal if any improvement on treating wastewater.
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The last and most up-to-date design (Recirculation III) incorporated two layers of
media. The top layer was 27.94 cm (11-inch) coarse sand. The bottom layer was 27.94
cm (11-inch) green sorption media (Figure 7). There was an overflow weir at the outlet of
the recirculation tank to maintain the standing water level inside the tank at the transition
between the sand and the media. This standing water inside the tank would cause a
saturation condition in the sorption media layer and maintain an anaerobic condition
promoting denitrification whereas the coarse sand layer may perform the nitrification
process as usual. Figure 7 shows the novel design of this recirculation tank with green
sorption media and coarse sand. In principle, the coarse sand would allow more dissolved
oxygen to dissolve in the wastewater streams, which should improve the nitrification
process. After the nitrification process, the denitrification process is expected to occur in
the submerged media layer and drain field as shown in Figure 7.

Influen
t

Effluen
t

Figure 7: Schematic and design of green sorption media inside the recirculation filter
tank.
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3.3 Performance of conventional OSTDS and recirculation tank with Citrus sand
(Recirculation I)
In this recirculation option, the recirculation tank was filled with Astatula sand.
The conventional OSTDS showed average nitrogen and phosphorus removal at about 50
percent. TKN conversion was high. The evidence of low TN and high TKN conversion
indicates that nitrification process probably occurred effectively, but the denitrification
process was not significant. TSS, CBOD5, and bacteria removals were excellent. Figure 8
presents the overall removal efficiencies of the Recirculation I conventional OSTDS
while the sampling locations are identified in Table 16. Figures 9 and 10 summarize the
differences in effluent concentrations of option I for Astatula sand drain field and
Washed Builder’s sand drain field. Note these removals are with respect to influent
conditions and as such the nitrate concentrations increased as expected in the effluent and
were near zero in the influent. The influent wastewater had a DOC concentration with
range of 45.66 mg/l-97.44 mg/L during the experimental duration. The pH varies from
7.04-7.97 in the influent and 6.02-7.40 in the effluent. DO level was very low (i.e. 0.190.91 mg/L) in influent as the wastewater was in a close system (i.e. in pipe). But the DO
level was increased (i.e. 3.12-5.50 mg/L) in the drain field as the drain field was an open
system to the atmosphere. All pH and DO data represent a range during the test time
period.
Table 16: A summary of sampling locations used to calculate overall removal efficiencies
for each OSTDS
ID
Influent Point
Effluent Point
Conventional DF with
At 24 inches below
Inlet of septic tank (S1)
Astatula Sand
filtrating sand (S7)
Conventional DF with
At 24 inches below
Inlet of septic tank (S1)
Wash Builder’s sand
filtrating sand (S10)
At the outlet of the B&G
Septic tank with B&G DF
Inlet of septic tank (S1)
drain field
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Figure 8: A summary of removal efficiency of the conventional OSTDS Recirculation I
with Astatula sand in the recirculation tank shows comparisons of two drain field
systems. The hatched bars represent the OSTDS with Astatula sand drain field. The solid
bars represent the OSTDS with Wash Builder’s sand drain field.

Figure 9: Conventional OSTDS effluent concentration of Recirculation I at S7 in
Astatula sand drain field and S10 in Washed Builder’s sand drain field shows low TSS,
CBOD5, and bacteria levels.
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Figure 10: Conventional OSTDS effluent concentration of Recirculation I at S7 in
Astatula sand drain field and S10 in Washed Builder’s sand drain field of Recirculation I
shows moderate levels of nitrogen and phosphorus.

3.4 Performance of Conventional OSTDS and recirculation tank with coarse sand
(Recirculation II)
In Recirculation II the media in the recirculation tank was replaced with very
coarse sand (Washed Builders Sand) to improve the clogging situation in Recirculation I.
Removal efficiency of total nitrogen in Recirculation II was similar to that in
Recirculation I. Both are close to about 50%. There was an improvement of TKN
conversion efficiency (75% to 85%). TSS, CBOD5, and bacteria removal efficiencies
were also similar in Recirculation I and Recirculation II. Phosphorus removal was not
promising in both cases. In fact, Recirculation II was even worse than the Recirculation I.
Figure 11 shows the overall removal efficiencies of the conventional OSTDS and
recirculation tank with coarse sand. This system achieved moderate TN removal, and
poor phosphorus removal. Bacteria removal was excellent. Figures 12 and 13 collectively
present the effluent concentrations for TSS, CBOD5, and bacteria and for nutrients
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(nitrogen and phosphorus), respectively. Again they were measured at S7 in the Astatula
sand drain field and at S10 in the Washed Builder’s sand drain field.

Figure 11: A summary of overall removal efficiency of the conventional OSTDS
Recirculation II with very coarse sand in the recirculation tank shows comparisons of two
drain field systems. The hatched bars represent the OSTDS with Astatula sand drain
field. The solid bars represent the OSTDS with Wash Builder’s sand drain field.

Figure 12: Conventional OSTDS effluent concentration of Recirculation II shows very
low TSS, CBOD5, and bacteria levels.
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Figure 13: Conventional OSTDS effluent concentration of Recirculation II shows
moderate levels of nitrogen and phosphorus.
3.5 Performance of conventional OSTDS and recirculation tank with coarse sand
(Recirculation III)
Recirculation III with the recirculation tank uses an innovative modification by
incorporating unsaturated and saturated zones. The tank is constructed mainly into two
layers. The top layer is 11-inch of coarse sand, which is designed to be the unsaturated
zone to increase dissolved oxygen, accommodating better nitrification process. The
bottom layer is made of a mixture of sorption media, specifically design to improve
denitrification process. Figure 7 indicates the media layers in the recirculation tank of
Recirculation option III.
Figure 14 presents the overall removal efficiencies of the Recirculation III
conventional OSTDS. TSS and CBOD5 removal efficiencies were better than the earlier
designs. Figures 15 and 16 show the effluent concentrations at S10 for conventional and
nutrient pollutants respectively. TKN conversion was about equal to the other design
recirculation options. It can be seen that phosphorus removal efficiency in Recirculation
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III was similar to that in Recirculation II. However, the nitrogen removal efficiency in
Recirculation III was not as good as in the two earlier designs. Further observational
evidence may be gained in Figure 17. It shows only nitrification process was observed in
the conventional OSTDS, but the denitrification process was missing. This is why good
TKN removal efficiency was observed while TN removal efficiency was poor. There was
relatively low retention time (less than one hour) in the recirculation tank. The finding
herein confirms that without sufficient hydraulic retention time, green sorption media
may not be able to perform well as expected.

Figure 14: A summary of overall removal efficiencies of the conventional OSTDS
Recirculation III with sorption media in the recirculation tank associated with the wash
builder’s sand drain field.
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Figure 15: Conventional OSTDS effluent concentration of Recirculation III at S10 shows
low TSS, CBOD5, and bacteria levels.

Figure 16: Conventional OSTDS effluent concentration of Recirculation III at S10 shows
high level of nitrogen, but low level of phosphorus.
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Table 17: Microorganism population in the RSF

Target gene
nirK (Nitrite
reductage
denitrifiers)

Gene copy
number*/gram
sample
10932.3
66392.84
21233.5

Sample location
Top of the media layer
Middle of the media layer
Bottom of the media layer

Slope

Y-Intercept

R-square

-3.31

39.12

0.99

Top of the media layer
UD
Middle of the media layer
65761.4
Bottom of the media layer
60714.3 -3.75
35.06
0.98
Top
of
the
media
layer
8.68E+10
amoA (Ammonia
Middle of the media layer
9.44E+10
oxidizing
bacteria)
Bottom of the media layer
1.20E+11 -3.04
55.21
0.99
UD: Under detectable
Gene copy number*= Gene copy number means number of targeted gene present in one gram of sample. It
is directly correlated with cell number. Up to now, only one copy of nirK gene was identified in a
denitrifying bacterium. So it can be said that about 10932 bacteria was present in one gram of sample in the
top of the media layer (Henry et al. 2004; Philippot, L. 2002).
NSR (Nitrite
reductage
nitrifiers)

To further view the systematic trend, Figure 17 shows traces of nitrogen species
and alkalinity at various sampling locations from the beginning to the end of the
Recirculation I conventional OSTDS process, where S1 is the starting point (raw
wastewater) and S12 is the ending point (8-foot below the washed builder’s sand drain
field). It strongly suggests that most of the nitrification happened between S4 (outlet of
the recirculation tank) and S8 (inlet of the drain field), as evidenced by the disappearance
of organic nitrogen and ammonia in parallel with the spike of nitrate at S8 whereas
alkalinity dropped dramatically. It was observed at S12 (8-foot below the drain field) that
most of the total nitrogen was in nitrate form. This condition support that the nitrification
process was obvious while the denitrification process was almost nonexistent in the
recirculation tank. This evidence agrees with the spike of nitrate in the ground water as
shown in Figure 7. Overall, Recirculation option I had the best removal efficiencies in
terms of nitrogen and phosphorus removal when compared against option II and option
III. But the fine sand was clogged easily making the maintenance become an issue. As a
consequence, Recirculation option II performs relatively better than Recirculation option
III in terms of TN and TP removal. The phosphorus removal is basically done by
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adsorption process and limestone may have significant contribution in the phosphorus
removal process.

Figure 17: Tracking of nitrogen species in the conventional OSTDS with sorption mediabased recirculation tank.
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3.6 Performance of conventional OSTDS with washed builder’s sand in the drain
field
It was assumed the recirculation tank would improve the nutrient removal
capability of the conventional OSTDS, however operation without recirculation is the
more common option among conventional systems.

Thus the OSTDS without

recirculation was monitored for one month and is called the control case for comparison
reasons. The average effluent concentrations are shown in Figures 18 and 19. In Figure
18, the nutrient concentration levels in the drain field effluent are shown. While in
Figure 19, the TSS, CBOD. Fecal coliform and E. Coli concentrations are shown.
Influent ammonia nitrogen concentration was 40.5 mg/L (40,500 ug/L), and as expected
there was a conversion to the nitrate form. However there was no decrease in total
nitrogen and also no decrease in total phosphorus concentration. Shown in Figure 20 is
the overall removal effectiveness for conventional OSTDS or the control case.
Figure 20 shows the nutrient removal efficiency of the standard drain field
without any recirculation filter tank. Influent ammonia-N concentration was about 40.54
mg/L. Ammonia-N concentration was increased in the effluent of the septic tank and after
that the concentration was decreased gradually in the drain field. From the data, it could
be assumed that there was a good co-relation of ammonia-N reduction with depth. The
total ammonia-N removal in the system was 99.94%. As TKN is the sum of ammonia-N
and organic N, the TKN removal was also significant in the system. TKN removal was
about 63.57% in the system. The major TKN contributor was organic N because there
was no organic N removal. During that time the groundwater maximum organic N was
about 0.98 mg/L. So organic N was decreased with time. Maximum ammonia-N
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concentration in groundwater was 0.114 mg/L, which was higher that the maximum
ammonia-N concentration in the drain field (i.e. 0.024 mg/L). This drainfield
concentration was lower that the EPA recommended ammonia-N concentration for
draining water. So this system is not contributing ammonia-N in the groundwater.
Alkalinity concentration was decreased from the influent to the drain field and it was a
clear indication of nitrification process in the system. In the drain field, the lowest
alkalinity concentration at S12 location was 53 mg/L. The wastewater was the only
source of alkalinity in the system. About 7.08 g of alkalinity as CaCO3 is required to
remove about 1 g of ammonia-N so alkalinity is not acting as a limiting factor in the
system. Average DO concentration in the influent was about 0.81 mg/L and it increased
above 2.5 mg/L in the drain field. This DO concentration was favourable for the
nitrification process. pH varies from 6.29-6.86 in the drainfield.
Nitrite-N removal was about 85.40% in the system. Nitrite is an unstable chemical
species so the research team was not given much attention about nitrite-N concentration
in the system. The major attention was focused on nitrate-N concentration in the system.
There was no nitrate-N reduction in the system (Figure 16). Nitrate-N concentration was
increased through out the system. During that time influent DOC concentration was about
97.4 mg/L and maximum DOC concentration in the drainfield was about 9.30 mg/L.
DOC concentration in RSF influent was varied 19.77-29.98 mg/l and RSF effluent was
varied 11.30-14.02 mg/L throughout the duration of the experiment. So there was supply
of OC and microorganisms was consumed that OC. DO concentration in the drainfield
was above 2.5 mg/L and this may be the major obstracle for nitrate-N reduction in the
system due to lack of anoxic environment. The denitrifiers may be followed the oxygen
respiration pathway rather than nitrate respiration pathway due to their fecultitative
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nature. Both TSS and CBOD removal was above 98.9% and that is an indication of
presence of denitrifiers in the system (Figure 19). As the denitrification process was not
performed well, no overall TN removal was achieved.
The phosphorus species removal by the standard drain field without any RSF was
not good. Organic P removal was about 32.28%. The SRP and TP removal was not
satisfactory. Biological phosphorus removal can be done by an anaerobic environment
which was not present in the system. Again, there was not enough retention time to
remove phosphorus by adsorption process. This situation motivate the research group to
include a RSF in the system (Figure 20).

Figure 18: Effluent nutrient concentrations for OSTDS without recirculation
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Figure 19: Effluent TSS, CBOD and coliform concentrations for OSTDS without
recirculation

Figure 20: Removal effectiveness of the conventional OSTDS without recirculation or
the control case
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3.7 Mass balance
SRP in mg/L
TP in mg/L

5.922
6.852
S3

Septic tank

SRP in mg/L
TP in mg/L

4.837
6.548
S1

S4

SRP in mg/L
TP in mg/L

6.1
6.980

Figure 21: Mass balance diagram in septic tank
For SRP
Mass coming in the septic tank – (275 gpd*4.837 mg/L) + (206.25 gpd*6.1 mg/L)
=2588.3 mg/d
Mass going out the septic tank – (275+206.25) gpd*5.922 mg/L = 2849.96 mg/d
Change of mass – (2588.3-2849.96) mg/d = -261.66 mg/d (mass added)
For TP
Mass coming in the septic tank – (275 gpd*6.548 mg/L) + (206.25 gpd*6.98 mg/L)
=3240.325 mg/d
Mass going out the septic tank – (275+206.25) gpd*6.852 mg/L = 3297.52 mg/d
Change of mass – (3240.325-3297.52) mg/d = -57.2 mg/d (mass added)
Some SRP is added in the septic tank. Septic tank effluent SRP may be increased due to
hydrolysis of organic P (i.e. about 59.40% of organic P removed in the septic tank), lyses
of microorganisms or accumulation of SRP in the septic tank. Hydrolysis is the most
favorable process for increase of SRP in the effluent water. There is no change of mass in
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the dosing tank as flow just coming in and going out from the dosing tank with
concentration as S3.

SRP in mg/L
TP in mg/L

6.1

S4

S3

6.980

SRP in mg/L
TP in mg/L

5.922
6.852

Recirculation sand
filter (RSF)

Figure 22: Mass balance diagram in RSF

For SRP
Mass coming in the RSF – (275 gpd*5.922 mg/L) =1628.55 mg/d
Mass going out the RSF – (206.25 gpd*6.1 mg/L = 1258.125 mg/d
Change of mass – (1628.55-1258.125) mg/d = 370.42 mg/d (mass removed)
For TP
Mass coming in the RSF – (275 gpd*6.852 mg/L) =1884.3 mg/d
Mass going out the RSF – (206.25 gpd*6.980 mg/L = 1439.625 mg/d
Change of mass – (1884.3-1439.625) mg/d = 444.68 mg/d (mass removed)
There is no change of mass in the distribution tank as flow just coming in and going out
from the distribution tank with concentration as S3.
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Flow to astatula sand
drainfield

Distribution tank
SRP in mg/L
TP in mg/L

SRP in mg/L
TP in mg/L

5.922
6.852

6.1
6.813

Figure 23: Mass balance diagram in astatula sand drain field
For SRP
Mass coming in the astatual sand drainfield – (68.75 gpd*5.922 mg/L) =407.14 mg/d
Mass going out the astatual sand drainfield – (68.75 gpd*6.1 mg/L = 419.4 mg/d
Change of mass – (407.14-419.4) mg/d = -12.26 mg/d (mass added)
For TP
Mass coming in the astatual sand drainfield – (68.75 gpd*6.852 mg/L) =471.1 mg/d
Mass going out the astatual sand drainfield – (68.75 gpd* 6.813 mg/L = 468.4 mg/d
Change of mass – (471.1-468.4) mg/d = 2.7 mg/d (mass removed)

Flow to Builder’s wash
sand drainfield
SRP in mg/L
TP in mg/L

Distribution tank
5.865
6.322

SRP in mg/L
TP in mg/L

5.922
6.852

Figure 24: Mass balance diagram in builder’s wash sand drain field

For SRP
Mass coming in the builder’s wash sand drain field – (68.75 gpd*5.922 mg/L) =407.14
mg/d
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Mass going out the builder’s wash sand drain field – (68.75 gpd*5.865 mg/L = 403.22
mg/d
Change of mass – (407.14-403.22) mg/d = 3.92 mg/d (mass removed)
For TP
Mass coming in the builder’s wash sand drain field – (68.75 gpd*6.852 mg/L) =471.1
mg/d
Mass going out the builder’s wash sand drain field – (68.75 gpd* 6.322 mg/L = 434.64
mg/d
Change of mass – (471.1-434.64) mg/d = 36.46 mg/d (mass removed)
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CHAPTER 4: A NEW PERFORMANCE-BASED PASSIVE SEPTIC
TANK UNDERGROUND DRAINFIELD FOR NUTRIENT
PATHOGENS REMOVAL USING SORPTION MEDIA

4.1 Introduction
Passive OSTDS is defined by the Florida Department of Health (FDOH) as a type
of onsite sewage treatment and disposal system that excludes the use of aerator pumps
and includes no more than one effluent dosing pump with mechanical and moving parts
and uses reactive media to assist in nitrogen removal. Reactive media are materials that
effluent from a septic tank or pretreatment device passes through prior to reaching the
groundwater. Some technologies used one or more reactive media to assist in nitrogen
removal. For example, saw dust and other wood products, zeolites, tire crumb,
vegetation, sulfur, spodosols, etc. were suggested or used as such possible treatment
media (Richman 1997; Kim et al. 2000; Hsieh & Davis 2005; Birch et al. 2005; Chang et
al., 2007; Smith et al. 2008; Xuan et al., 2009). Such soil augmentations with sorption
media mixes may result in improvements to current designs (Hossian et al., 2009a; Xuan
et al., 2009). The use of these sorption media in the engineered and natural processes may
remove not only the nutrients, but also pathogens and other pollutants, such as heavy
metals, pesticides, and toxins for various purposes. It is the aim of this paper to present a
new generation of performance-based passive septic tank underground drainfields for
nutrient removal with the aid of sorption media.
With new sorption media mixes, passive technologies not using more than one
pump might be advantageous due to their cost effectiveness, system reliability, and low
maintenance requirements. This triggers an acute need to perform a thorough technology
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assessment, screening, and prioritization. Initial candidates listed for these types of
technologies may include but are not limited to: 1) nitrification process: single pass
media filters and recirculating media filters; 2) denitrification process: autotrophic versus
heterotrophic condition with single pass or two-stage processes; 3) drainfield
modification: autotrophic versus heterotrophic conditions; and 4) groundwater treatment
(permeable reactive barrier): autotrophic versus heterotrophic condition. The third type
led us to develop a new generation of functionalized sorption media with a unique
hydraulic pattern in our “Black and Gold” (e.g., B&G hereafter) drainfield for
improving the nutrient and pathogen removal. The sawdust is expected to act as an
electron donor to improve the denitrification and the tire crumb may help enhance the
adsorption of phosphorus (Hossain et al., 2009b). Thus, it is the aim of this paper to fully
test such an innovative design – the B&G drainfield with soil amendments (sorption
media) in a pilot system.
4.2 Materials and methods
4.2.1 System Configuration
The wastewater source for this study is the 15-person BPW Scholarship House (a
female dormitory at UCF campus), which contains a kitchen and living quarters. The
wastewater is pumped to 3.78 m3 (1,000 gallon) and 5.10 m3 (1,350 gallon) septic tanks
from where the effluents are divided into different final disposal alternatives. While the
former one handles both B&G drainfield and wetland system, the latter one handles both
standard drainfields. A dosing tank links the septic tank with the B&G drainfield. The
single pump and pipe arrangement between the dosing tank and the B&G drainfield
delivers an average of 0.75 m3/day (200 gpd) to the B&G drainfield system (Xuan et al.,
2009; Hossain et al., 2009a).
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Figure 25 shows the schematic of the B&G drainfield with a green sorption
material mixes, filling the horizontal underground cells beneath a sand layer at the
surface of the ground level. From left to right, such a wastewater treatment system starts
with a septic tank, an influent distribution system to distribute the influent over the cell, a
piping system arranged for dosing the drain field, and an underground cell including
baffled compartments and a riser before the discharge. In one embodiment, the space
before the riser in the drain field must be filled with sorption media to promote the
reactions. The thickness of B&G sorption media is about 30 cm (12 inches). The sand
layer on the top is Astatula sand with thickness of approx. 60 cm (24 inches). The green
sorption material mixes, consisting of recycled materials mixed with naturally occurring
materials includes approximately 68% fine sand, approximately 25% tire crumb, and
approximately 7% sawdust by volume. Hence, the treatment zone of the drain field was
subdivided into three aerobic zones, one anoxic zone and one anaerobic zone (e.g.,
marked from section 3 to 6 in Figure 25). The upper part (i.e. sand part) of the aerobic
zones was evenly partitioned into three sections by baffles. It was hoped that such a
physical setting before the riser and after the baffle where there is a constant flooding
zone would foster anoxic environments to perform the denitrification. Before the flooding
zone, there is an identifiable aerobic zone to the left to support the nitrification. These
two hypotheses would be proved by the intensive sampling and analysis as shown in later
sections of this dissertation.
Dosing the sewage on the front of the manifold may happen periodically. The
Plastic Tubing Industries, Inc. (PTI) Multi-Pipe Systems 11 (MPS-11) (i.e., the inlet pipe
for dosing) was installed for equal distribution of influent across the width of the drain
field. These perforated pipes may be used in non-dosing periods to maintain the aerobic

101

condition at the left part of underground cell. In addition, some vertical pipes (i.e.,
oxygenators) for venting in the beginning of the drain fields close to the manifold may
also introduce air into the left part of cell so that an aerobic environment can be promoted
when needed. Such arrangements of piping system for correct dosing and venting in
concert with the internal partition using baffles and riser in the B&G drain field sustain
the essential functionality of these sorption media (Wanielista et al., 2008). While the left
part of the cell allows for nitrification, the dissolved oxygen would gradually exhaust to
the right making the subsequent process anoxic or even anaerobic when getting closer to
the riser where denitrification is expected to occur with the aid of sawdust. These baffles
and riser are also designed to smooth out the streamlines and prevent the short‐circuiting
from happening in order to sustain the hydraulic pattern expected.

Figure 25: Schematic of the B&G Drain field (Wanielista et al., 2008). (3, 4 and 5 each
has two sampling points: one in shallow depth and the other one in deep depth)

In any circumstances, the B&G drain field has an impervious liner at the bottom
to keep all nitrification and denitrification processes in an isolated environment. In Figure
25, those shaded circles on the front are the inlet pipes and white circles connected to the
effluent pipes are gravels. After having 3-5 days HRT, flow would eventually pass
through a perforated outlet pipe. Although the effluents return to the main sewer line in
our study, infiltrate may seep down into the vadose zone gradually in future applications.
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Such design features result in an innovative passive underground drain field that is highly
sustainable and fits in any landscape and/or the built environment on one hand, and
highly applicable in dealing with any type of septic tank systems on the other (Wanielista
et al., 2008). The performance of this B&G drain field was also compared against a
control case – a septic tank followed by a recirculating sand filter (RSF), with effluent
discharged to an unlined conventional gravity drain field filled with washed builder’s
sand.
4.2.2 Sampling and Analysis
Seven process steps and sampling points within the B&G drain field system can
be identified from step 1 to step 7 stepwise along the horizontal direction. Steps 3, 4, and
5 involve handling two media layers; the sand and the B&G layers. The B&G drain field
was monitored biweekly for eight weeks in late 2008 and spring 2009. Samples were
analyzed by Environmental Research and Design, Inc. (ERD), a National Environmental
Laboratory Accreditation Conference (NELAC) certified laboratory in Orlando, Florida,
for the water quality. In this study, three datasets, in Oct. and Nov. 2008 in Phase I, and
three datasets in March, and April 2009 in Phase II were presented for addressing the
water quality conditions. The initial concentrations of the sewage in Phases I and II can
be seen in table 18 below. Both BOD 5 (e.g., 5 day biochemical oxygen demand) and
CBOD 5 (e.g., 5 day carbonaceous biochemical oxygen demand) are included in this
analysis because of the requirements in NSF/ANSI 40 National Sanitation Foundation
(NSF) standard for residential wastewater treatment systems. The influent condition was
shown in table 13.
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Table 18: The influent condition before the B&G drain field in this study
Phase

Sample
Date

Sample ID

ALK

TSS

BOD5 CBOD5 Ammonia-N Nitrite-N Nitrate-N

TKN

TN

SRP

μg/L

Diss.
Org. N
μg/L

mg/L

mg/L

mg/L

mg/L

μg/L

μg/L

μg/L

μg/L

μg/L

Diss.
Org. P
μg/L

TP
μg/L

I

10/14/2008

S1

293

175

31.3

31.2

32864

8

3

13395

46259 46270 4928

32

7200

I

11/4/2008

S1

316

268

41.6

37.1

42143

8

94

3865

46008 46110 4918

5005

9891

I

11/19/2008

S1

295

117

6.2

5.4

11921

18

10

2935

14856 14884 5174

4960

5616

II

2/10/2009

S1

277

250

725

204

37,040

20

5

9,525

46,565 53,410 4,469

1,021

8,310

II

2/24/2009

S1

275

212

232

181

32,990

27

4

7008

39,998 41,752 3859

697

6356

II

3/10/2009

S1

264

644

355

350

67685

71

34

231

67,916 77202 8,026

2586

14037

II

3/18/2009

S1

284

165

5.9

4.6

38,901

5

19

1062

39,963 47,930 4453

660

6689

II

3/25/2009

S1

521

454

345

260

55,657

15

36

15537

71,194 79,219 6659

159

6985

II

3/30/2009

S1

283

82

293

156

41,884

31

17

3,016

44,900 44,948 3,164

3,694

6,858

II

4/8/2009

S1

279

342

310

241

45,194

13

2

19,238

64,432 64,447 5,128

4,688

9,816

II

4/13/2009

S1

250

150

149

132

27,266

8

1

7,044

34,310 34,319 2,383

2,070

4,453

II

4/22/2009

S1

286

259

345

136

41,944

30

14

1,633

43,577 43,621 3,627

512

4,139

S1

301.3

186.7

26.4

24.6

28976

11

36

6732

35708 35755 5007

3332

7569

13

76

18

17

15482

6

51

5789

18059 18075

145

2858

2161

302

284

307

185

43173

24

15

7144

50317 54094 4641

1787

7516

83

174

194

97

12127

20

13

6658

13709 15998 1759

1585

2999

Avg.
Phase I
Std.
Dev. I
Avg.
Phase
II
Std.
Dev. II

S1

* TKN: Total Kjeldahl Nitrogen (= Organic N + Ammonia N)
* TSS: Total Suspended Solid
* SRP: Soluble Reactive Phosphorus
* CBOD5: 5 day Carbonaceous Biochemical Oxygen Demand
* TN, TP: Total Nitrogen and Total Phosphorus

* Diss Org. N: Dissolved Organic Nitrogen
* Diss Org. P: Dissolved Organic Phosphorus
* ALK: Alkalinity
* BOD5: 5 day Biochemical Oxygen Demand

Table 19: Outline of analysis methods
Parameter

Analytical Method

pH
Ammonia-N
Nitrite-N
Nitrate-N
Organic Nitrogen-N
Soluble Reactive
Phosphorus-P
TP
Dissolved Oxygen
Temperature
Fecal coliform and E.
coli

USEPA 150.1
EPA 350.1
EPA 353.2
EPA 353.2
EPA 350.2

Testing
Location
On Site
ERD lab
ERD lab
ERD lab
ERD lab

EPA 365.3

ERD lab

Alkaline Per sulfate digestion
Manufacturer manual
Manufacturer manual

ERD lab
On Site
On Site

MPN method

ERD lab

Quantity of Nitrifiers and
Denitrifiers

Real-time PCR

UCF lab

4.3 Results and discussion
Figure 26 presents the overall performance of the OSTDS (including a septic tank
followed by the B&G drain field) monitored in Phase I during the period Oct.-Nov. 2008, and
Phase II during the period March-April 2009. The average removal efficiencies were calculated
based on three sets of samples in Phase I and another three sets of samples in Phase II,
respectively. Findings indicate that the B&G drain field performed well in terms of nutrient and
pathogen removal across all relevant species (see figure 26 and figure 27). Comparatively, Phase
II showed marginally better performance than Phase I in terms of nitrogen removal. However,
phosphorus removal in Phase I (98.5%) was significantly better than that in Phase II (65.1%).
The TSS removal in Phase II was slightly better than that in Phase I, both of which are above 90
percent. These particles accumulated in the grains of sand and sorption media in the drain field
cause better filtration over time. Such mechanisms support the BOD 5 and CBOD 5 removals both
of which were > 90 percent in Phase II, but 19.9% and 10.4% less in Phase I, respectively. The

organic nitrogen removal was 90% in Phase II, but only 50% in Phase I, which could be due to
the incomplete nitrification in the beginning of the operational process. Most phosphorus species
were removed by more than 90 percent in Phase I, but, for unknown reasons, it decreased to 60
percent in Phase II.

Figure 26: Average removal efficiencies of the Septic Tank and B&G Drain field in Phase I
(Oct-Nov 2008) and Phase II (Mar-Apr 2009) were calculated based on three samples of Phase I
and three samples of Phase II. Blue bars: Phase I; red bars: Phase II.
The DOC concentration in the B&G drain field was 48.15 mg/L in average at the
beginning and 12.09 mg/L in average at the end of the drain field. It means that there was
continuous supply of OC in the system. pH varied from 6.69 to 7.56. This pH level is very
favorable for nitrification-denitrification process. DO level was range from 4.00 mg/L to 0.18
mg/L in the drain field throughout the duration of the experiment. Figure 26 also reveals that the
removal efficiencies of nitrogen species in Phase II were better than those in Phase I. This is
partially due to the well established environment for denitrifiers were functioning well in terms
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of denitrification in Phase II. Average concentrations of the effluents in Phases I and II can be
directly compared with each other in Figure 27. Obviously, correlation between the lower
influent nitrogen concentration and the lower effluent nitrogen concentration in Phase I was
confirmed. Yet this is not the case when examining the removal efficiency of phosphorus
species. Besides, bacteria counts in Phase II effluents were much higher than those in Phase I.
Higher waste loadings in Phase II might be the cause of these high bacteria counts. The
following two subsections illustrate the sampling and analysis outcomes in greater detail.

Figure 27: Comparison of the average concentrations of the B&G effluents in Phase I and II.
Note that the influent Total Nitrogen concentrations were 35.8mg/L in Phase I and 42.4mg/L in
Phase II.
4.3.1 Nutrient removal in phase I
Figure 28 shows that most ammonia was removed in the process steps 3, 4, and 5 in the
sand layer (shallow layer), while the nitrate and nitrite were produced in the B&G layer (bottom
layer). These process steps were the same as those marked in figure 25 for the purpose of
illustration. This shows that the conversion from ammonia to nitrate and nitrite in the B&G drain
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field had been very successful. Figures 29 and 30 proved that the B&G drain field can not only
remove the nutrients but also filter out the pathogens. Tables 20 and 21 collectively compare the
analysis results against the NSF245 standards that highlight a few key water quality constituents.
By comparing the results to the NSF245standards as listed on the draft version of “wastewater
treatment systems – nitrogen reduction” published by National Sanitation Foundation (NSF,
2007), it is observed that total nitrogen (TN), TKN, CBOD 5 and TSS concentrations that were
selected as control indicators in NSF245 were lower than the required levels. Although our
sampling frequency is not exactly the same as that required by the NSF, such a comparison helps
provide a reference basis for future advancement. It may thus be concluded that the proposed
B&G drain field performed generally well in Phase I.
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a)

b)

c)
d)
Figure 28: Average concentrations of Ammonia, Nitrate, Nitrite, and TN in the B&G System in
Phase I were plotted at each process step starting from influent point and ending at effluent point.

Figure 29: Average Fecal Coliform Counts after the wastewater has passed through the B&G
Drain field. The average count at the effluent was less than 1 cfu based on the three datasets.
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Figure 30: Average E. coli Counts in the B&G drain field system.
Table 20: Performance Evaluation of the B&G Treatment Process on 14 October 2008
Parameter

unit

NSF 245
Inf. Criteria

UCF Influent
10-14-08

NSF 245
Eff. Criteria

UCF Effluent
10-14-08

Pass/
Fail

TSS

mg/L

100 - 500

175.0

< 30

23.0

Pass

CBOD5

mg/L

100 - 450

31.2

< 25

2.0

Pass

TKN

mg/L

25-70

46.3

< 50% of Influent

19.0

Pass

Ammonia-N

mg/L

32.9

no criteria

2.6

Nitrate-N

mg/L

0.003

no criteria

< 0.002

TN

mg/L

46.3

< 50% of Influent

19.0

ALK

mg/L

> 60

293.0

no criteria

208.0

TP

mg/L

3 - 20

7.2

no criteria

0.03

Temperature

Celsius

10 - 30

27.6

no criteria

28.0

6.0 - 9.0

7.5

no criteria

7.1

pH

* TSS: Total Suspended Solid
* Total Kjeldahl Nitrogen (TKN) = Organic N + Ammonia N
* CBOD5: 5 day carbonaceous biochemical oxygen demand

Pass

* TN, TP: Total Nitrogen and Total Phosphorus
* ALK: Alkalinity
* Inf, eff: Influent, effluent

Table 21: Performance Evaluation of the B&G Treatment Process on 5 November 2008
Parameter

unit

NSF 245
Inf. Criteria

UCF Influent
11-05-08

NSF 245
Eff. Criteria

UCF Effluent
11-05-08

Pass/
Fail

TSS

mg/L

100 - 500

268.0

< 30

14.0

Pass

CBOD5

mg/L

100 - 450

37.1

< 25

6.0

Pass

TKN

mg/L

25-70

46.0

< 50% of Influent

6.5

Pass

Ammonia-N

mg/L

42.1

no criteria

6.0

Nitrate-N

mg/L

0.094

no criteria

0.0021

TN

mg/L

46.1

< 50% of Influent

6.5

ALK

mg/L

> 60

316.0

no criteria

190.0

TP

mg/L

3 - 20

9.9

no criteria

0.04

Temperature

Celsius

10 - 30

21.9

no criteria

20.8

6.0 - 9.0

7.7

no criteria

7.3

pH

* TSS: Total Suspended Solid
* Total Kjeldahl Nitrogen (TKN) = Organic N + Ammonia N
* CBOD5: 5 day carbonaceous biochemical oxygen demand

* TN, TP: Total Nitrogen and Total Phosphorus
* ALK: Alkalinity
* Inf, eff: Influent, effluent
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Pass

4.3.2 Nutrient removal in phase II
The removal efficiencies of nitrogen species in Phase II were generally higher than that in
Phase I. Figure 31 presents concentrations of nitrogen species, including ammonia, nitrate +
nitrite, nitrate, and total nitrogen, at various points within the B&G drain field. Observations at
the process steps 4 and 5 showed that the ammonia concentration decreased while nitrate and
nitrite concentrations increased dramatically. Such observational evidence confirms that
nitrification occurred rapidly in the sand layer (aerobic zone) of the B&G drain field. Nitrate and
nitrite concentrations reduced significantly as the wastewater traveled from the sand layer
(Diamond in Figure 31) to the sorption media layer (Square in Figure 31) as observed in process
steps 4 and 5. Total nitrogen reduction can be observed in process step 7 as shown in Figure 31d.
The removal of fecal indicator bacteria was also observed in Figure 32. The removal of fecal
indicator bacteria was mainly confirmed at the process step 6, but the bacteria counts increased
in the process step 7.
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a)

B)

c)

d)

Figure 31: Average concentrations of nitrogen species at various locations are plotted based on
the March 4th samples.

Figure 32: Average bacteria counts measured at various locations of the B&G system reflect
reductions of fecal coliform and E. coli.
Tables 22, 23 and 24 present the influent and effluent characteristics of the raw and
treated wastewater in Phase II. In all cases in Phase II, the summation of nitrate and nitrite
measured at the effluent were even lower than the USEPA Maximum Contaminant Levels
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(MCLs) published in the National Primary Drinking Water Regulations (NPDWR or primary
standards). To be specific, the standards for drinking water quality are 10,000 µg/L (or ppb) for
combined nitrate/nitrite and 1,000 µg/L (or ppb) for nitrite, respectively. In addition, more than
96% of TP was removed in phase I. But Phase II was not as good as in Phase I in this regard. The
removal efficiencies of CBOD 5 and ammonia were always >90 percent. After examining the
nitrification and denitrification processes within the B&G drain field, we found that the
nitrification is still not complete in most cases due to the lack of alkalinity even though the
system performance is good enough to meet the NSF245 standards. Thus, we have the option of
either reducing the inflow (waste loading) or changing the recipe of the sorption media by adding
some limestone mixed with sand beneath the inlet pipes to increase the alkalinity in the inflow.
Overall, the trend of nitrification and denitrification effects along the process steps in this B&G
drain field is promising.

Table 22: Performance Evaluation of the B&G Treatment Process on 4 March 2009
Parameter

unit

NSF 245
Inf. Criteria

UCF Influent
03-04-09

NSF 245
Eff. Criteria

UCF Effluent
03-04-09

Pass/
Fail

TSS

mg/L

100 - 500

50.9

< 30

1.0

Pass

CBOD5

mg/L

100 - 450

34.5

< 25

10.0

Pass

TKN

mg/L

25-70

30.7

< 50% of Influent

8.5

Pass

Ammonia-N

mg/L

1.1

no criteria

6.6

Nitrate-N

mg/L

4.6

no criteria

6.8

TN

mg/L

36.0

< 50% of Influent

15.3

ALK

mg/L

> 60

275.0

no criteria

226.0

TP

mg/L

3 - 20

7.9

no criteria

2.6

Temperature

Celsius

10 - 30

20.5

no criteria

19.3

6.0 - 9.0

7.4

no criteria

6.8

pH

• Total Nitrogen (TN) = Organic N + Ammonia N + Nitrate N + Nitrite N
• Total Kjeldahl Nitrogen (TKN) = Organic N + Ammonia N
* CBOD5: 5 day carbonaceous biochemical oxygen demand
* TN, TP: Total Nitrogen and Total Phosphorus
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* TSS: Total Suspended Solid
* ALK: Alkalinity
* Inf: Influent
* Eff: Effluent

Pass

Table 23 : Performance Evaluation of the B&G Treatment Process on 18 March 2009
Parameter

unit

NSF 245
Inf. Criteria

UCF Influent
03-18-09

NSF 245
Eff. Criteria

UCF Effluent
03-18-09

Pass/
Fail

TSS

mg/L

100 - 500

165.0

< 30

13.0

Pass

CBOD5

mg/L

100 - 450

4.6

< 25

3.0

Pass

TKN

mg/L

25-70

47.9

< 50% of Influent

8.2

Pass

Ammonia-N

mg/L

38.9

no criteria

6.6

Nitrate-N

mg/L

0.019

no criteria

5.9

TN

mg/L

47.9

< 50% of Influent

14.1

ALK

mg/L

> 60

284.0

no criteria

228.0

TP

mg/L

3 - 20

6.7

no criteria

2.9

Temperature

Celsius

10 - 30

25.2

no criteria

24.3

6.0 - 9.0

7.0

no criteria

6.6

pH

• Total Nitrogen (TN) = Organic N + Ammonia N + Nitrate N + Nitrite N
• Total Kjeldahl Nitrogen (TKN) = Organic N + Ammonia N
* CBOD5: 5 day carbonaceous biochemical oxygen demand
* TN, TP: Total Nitrogen and Total Phosphorus

Pass

* TSS: Total Suspended Solid
* ALK: Alkalinity
* Inf: Influent
* Eff: Effluent

Table 24: Performance Evaluation of the B&G Treatment Process on 1 April 2009
Parameter

unit
mg/L

NSF 245
Inf. Criteria
100 - 500

UCF Influent
03-31-09
82.0

NSF 245
Eff. Criteria
< 30

UCF Effluent
04-01-09
4.0

Pass/
Fail
Pass

TSS
CBOD5

mg/L

100 - 450

156.0

< 25

21.0

Pass

TKN

mg/L

25-70

44.9

6.8

Pass

Ammonia-N

mg/L

41.9

< 50% of
Influent
no criteria

Nitrate-N
TN

mg/L
mg/L

0.017
44.9

6.1
13.0

ALK

mg/L

> 60

283.0

no criteria
< 50% of
Influent
no criteria

215.0

TP

mg/L

3 - 20

6.9

no criteria

2.5

Temperature

Celsius

10 - 30

26.5

no criteria

24.4

6.0 - 9.0

7.3

no criteria

6.8

pH

• Total Nitrogen (TN) = Organic N + Ammonia N + Nitrate N + Nitrite N
• Total Kjeldahl Nitrogen (TKN) = Organic N + Ammonia N
* CBOD5: 5 day carbonaceous biochemical oxygen demand
* TN, TP: Total Nitrogen and Total Phosphorus
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* TSS: Total Suspended Solid
* ALK: Alkalinity
* Inf: Influent
* Eff: Effluent

6.3
Pass

4.3.3 Real-Time PCR analysis in relation to denitrification
To further confirm the nitrification versus denitrification processes within the cells, Phase
II included a unique Real-Time PCR analysis. Nitrite reductase nitrifiers (NSR) were found in
many places in the B&G drain field. Most of the NSR was found at the bottom layer around the
center of the drain field, where nitrification was expected to occur. Nitrite reductase denitrifiers
(nirK) were found mainly near the effluent point at the deep layer, which is exactly where the
denitrification process was expected to occur. In our Real-Time PCR analyses, standard curves
were examined carefully from which plasmid DNA with known amounts was introduced as a
standard curve to compare the unknown via a regression analysis. The standard curve is a
straight line and the values of slope and Y-intercept can be obtained directly from the data
processing software associated with the real-time PCR instrument. Table 25 summarizes the
Real-Time PCR results based on measuring gene copies of nitrifiers and denitrifiers DNAs.
Overall, the nitrite reductase denitrifiers were measured as approximately 114,000 copies near
the effluent point, which were three orders of magnitude more than those found at other places in
the B&G drain field.
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Table 25: Amounts of bacteria genes copies were measured at the center and the end of
the B&G drain field using Real-Time PCR method.
Standard curve
Target gene

Sample Location

nirK
(Nitrite reductase
denitrifiers)

ES (Near effluent,
shallow depth)
CS (Center of the
B&G, shallow depth)
ED (Near effluent,
deep depth)
CD (Center of the
B&G, Deep depth)

NSR
(Nitrite reductase
nitrifiers)

Gene copy
number*/gr
am sample

Slope

Y-Intercept

R-square

-3.348

36.99

0.996

-3.629

32.78

0.999

60
480
114000
1050

ES (Near effluent,
shallow depth)

7000

CS (Center of the
B&G, shallow depth)

8000

ED (Near effluent,
deep depth)

8000

CD (Center of the
B&G, Deep depth)

10000

4.3.4 Influential factors in nitrification
Research findings in this study also showed the importance of DO and alkalinity both of
which are tied with system performance of the B&G drainfield. Evidently, the nitrification effect
can be promoted as DO increases in the B&G aerobic zone. Yet alkalinity would be consumed
when the nitrification process was significant, resulting in increased potential for the
concomitant denitrification. Figure 33 confirmed this relationship between DO in the B&G
aerobic zone and the nitrate concentrations in the B&G effluents. An aggregate data set in Figure
33 was prepared to combine a few samples collected from all phases in order to provide a more
comprehensive analysis of the denitrification effect. Together with Table 25, it was proved that
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the higher the DO concentrations in the B&G aerobic zone, the better the nitrification effect in
the B&G aerobic zone, and the lower the nitrate concentrations in the B&G anoxic zone and
effluents given that the total number of denitrifiers sustained by sufficient substrate (i.e., nitrate)
is abundant.

Figure 33: The relation between DO in the B&G aerobic cell and the nitrate-nitrogen
concentrations in the treated wastewater.
To arrive at a comparative analysis in a more systematic way, Figures 34 and 35 track
down the variations of nitrogen species from the raw wastewater to the effluent discharge point
throughout the whole septic tank system based on the averaged outcome of Phases I and II,
respectively. In Figure 34, high concentrations of ammonia and organic nitrogen were present in
the raw wastewater which had a high level of alkalinity and a low level of DO. Once the
wastewater traveled through the B&G aerobic zone, the ammonia and alkalinity concentrations
diminished, while the nitrate concentration increased. This mechanism clearly showed that
ammonia was converted to nitrate, while the total nitrogen was literally unchanged and alkalinity
was consumed in the process. DO at this location was as high as 6,500 μg/L. Such observational
evidence indicated that the nitrification process must have well occurred in the B&G aerobic
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zone. In the anoxic zone, the level of alkalinity was higher because of the presence of
denitrification that generated some alkalinity in the process. In this circumstance, the level of DO
remained low all the way to the end. Similarly, Figure 34 confirmed that a smooth nitrificationdenitrification process occurred in the B&G drain field system. Most ammonia conversion
occurred mainly in the sand layer of the B&G drain field, and the nitrate and nitrite conversions
occurred in the sorption media layer within the B&G drain field where denitrification plays an
important role. The sharp drop of alkalinity in the B&G aerobic zone provided strong evidence
of nitrification. Observations in the B&G anaerobic zone showed a dramatic reduction of TN,
organic nitrogen, ammonia, and nitrate concentrations (see Figure 34). The TN concentration at
this point was < 8 mg/L, which is remarkably low. On one hand, the TN removal efficiencies
were 65.4% and 73% on average based on Phase I and II samples, respectively while the other,
nitrate concentrations in the B&G effluent were as low as 0.04 mg/L and 6.25 mg/L on average
based on Phases I and II samples. The reason for having higher nitrate concentrations in the
B&G effluent is that the nitrogen loading in Phase II was higher than that in Phase I. The higher
nitrogen loading caused an incomplete nitrification process when the alkalinity level in the
aerobic zone was not high enough to sustain the full scale nitrification. The remaining ammonia
in the aerobic zone was carried over and converted to nitrate later on when moving close to the
riser. Yet ammonia, once having entered the anaerobic zone can no longer be further converted
to nitrite and nitrate because of the lower concentrations of DO. This was the cause although the
Real-Time PCR showed that the nitrifiers were almost uniformly distributed over the cell. The
remaining ammonia, waiting for the presence of oxygen, would be a potential nitrate though. It
was observed that the TN concentration increased slightly at the effluent point in Phase I. We
suspect that some of the organic nitrogen in the soil amendment (media mixture) could have
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released organic nitrogen into the already treated wastewater. It is expected that the release of
organic nitrogen would stop at some point after operation.
In fact, the TN concentrations in the B&G effluents were well below USEPA MCLs
regulated nitrate and nitrite concentrations, which requires not exceeding 10 mg/L and 1 mg/L,
respectively. To further improve the B&G system, if needed, we should produce some means to
completely convert all organic nitrogen to ammonia in the B&G aerobic zones, and promote
complete denitrification by the end of the cell. Nevertheless, the current performance of the B&G
drain field is still far better than the control case where a traditional drain field was used for
comparison (Chang et al., 2009).

Eff: Effluent; Avg: Average

Figure 34: A set of samples collected on October 14th, 2008
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Eff: Effluent; Avg: Average

Figure 35: A set of samples collected on April 1st, 2009
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CHAPTER 5: PERFORMANCE-BASED EVALUATION OF FOUR
CONVENTIONAL OSTDS WITH B&G
5.1 Comparison of removal efficiencies
In this chapter, the average removal efficiencies for the conventional septic tank and
drain field system with three recirculation designs, a design without recirculation, and the B&G
drain field system are compared against each other. When recirculation is added, there is a high
probability that additional conversion to nitrate can be accomplished and possibly denitrification.
If this is the case, additional removal of nitrogen is possible.

As shown in Figure 36 there is

negligible differences in the measures of TSS, CBOD 5 , and bacteria among the five systems.
CBOD 5 removal efficiencies of all systems exhibit slightly different results but meet current
standards. Bacteria removal efficiencies of all systems were over 99.9%. Figure 37 shows that
the B&G had higher removal effectiveness of total nitrogen and phosphorus. All five systems
converted the influent raw waste ammonia nitrogen (see TKN values) to nitrates. There were
near zero nitrates in the raw wastewater. The conventional septic tank drain field designs, even
with recirculation, did not perform well in removing total nitrogen. In three conventional system
designs, the soluble phosphorus increased relative to the influent. Table 26 summarizes such a
comparative performance that proves the effectiveness of nutrient and fecal bacteria indicator
removal by using the B&G drain field.

122

Table 26: Comparative analysis of removal efficiencies on average
Conventional Drain field
Alk. (mg/L)
TSS (mg/L)
BOD5 (mg/L)
CBOD5 (mg/L)
Ammonia-N (μg/L)
Org. N (μg/L)
TKN (μg/L)
TN (μg/L)
SRP (μg/L)
Org. P (μg/L)
TP (μg/L)
Fecal (cfu/100mL)
E. coli (cfu/100mL)

32.63%
98.13%
90.14%
91.86%
99.84%
52.01%
74.91%
49.07%
38.66%
3.21%
48.70%
>99.9%
>99.9%

B&G Drain
field
26.33%
94.73%
85.15%
88.35%
81.78%
85.83%
82.71%
70.21%
79.11%
83.56%
81.79%
>99.9%
>99.9%

Figure 36: Comparative evaluation of removal efficiencies between conventional OSTDS and
B&G system in terms of TSS, CBOD5, and bacteria
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Figure 37: Nutrient removal efficiencies of the conventional OSTDS using the washed builder’s
sand drain field and B&G drain field
5.2 Removing rate per unit area of drain field
To evaluate the relative importance of the surface area of the drain field with respect to
pollutant removal, the removal rates per unit area of drain field are calculated. The use of surface
area reflects the relative importance in land and is an important cost consideration of each
system. The B&G showed the best total nitrogen unit area removal efficiency as shown in Figure
38. Since there is minimal nitrate in the raw waste, a removal should not be significant if no
nitrate appears in the effluent, however if nitrate appears in the effluent (as it does in
conventional designs) then a negative removal or addition and be expected. In regard to the
phosphorus removal per unit area, the B&G present the best performance (see Figure 39). For
TSS unit area removal, the B&G drain field was the best, while for BOD5, the conventional
system with recirculation and the B&G drain field were the best (see Figure 40).
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Figure 38 : Nitrogen Species removal rate per unit area for five treatment trains

Figure 39: Phosphorus Species removal rate per unit area for five treatment trains
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Figure 40: TSS and CBOD5 removal rate per unit area for five treatment trains
5.3 Comparison of effluent concentrations
In the effluent measurements, the B&G drain field having the lowest total nitrogen
concentration and the conventional drain field systems having the highest nitrogen levels (see
Figure 41). Similarly, the phosphorus level in the B&G was the lowest. The conventional drain
field systems had the highest level of phosphorus in the effluent (see Figure 42). The bacteria
level in the B&G effluent was the highest (see Figure 43). The effluent concentration of CBOD5
in all systems was low as shown in Figure 44. The conventional OWST designs of this work are
expected to have the greatest removal of nutrients, organics, and bacteria among all conventional
systems because of the recirculation tank. Without recirculation tank, the removals are expected
to be lower. In summary, the effluent data are reorganized in Tables 27 and 28 to ease the
understanding of the variations versus averages with Table 27 reporting the standard deviation
and Table 28 listing the overall average effluent concentrations.
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Figure 41: Effluent concentrations of nitrogen species in all OSTDS are compared

Figure 42: Phosphorus level in effluents where B&G performed the best

127

Figure 43: Summary of 1-year average effluent bacteria concentration in all systems

Figure 44: Effluent concentrations of TSS and CBOD5 of all systems are compared
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Table 27: A summary of standard deviation of effluents at UCF Test Center

Parameter
Alk. (mg/L)
TSS (mg/L)
BOD5
(mg/L)
CBOD5
(mg/L)
Ammonia-N
(μg/L)
NOX-N
(μg/L)
Nitrite-N
(μg/L)
Nitrate-N
(μg/L)
Org. N
(μg/L)
TKN (μg/L)
TN (μg/L)
SRP (μg/L)
Org. P
(μg/L)
TP (μg/L)
Fecal
(cfu/100mL)
E.Coli.
(cfu/100mL)

Standard Deviation of Effluent
Convention Conventional Conventional Conventional
al Drain
Drain Field
Drain Field
Drain Field
Field
Recirculation Recirculation Recirculation
Control
I
II
III
43.588
54.4
2.1
18.9
1.05
1.5
1.9
0.4

B&G Drain
Field
22.2
8.0

0.981

0.8

8.4

0.9

9.4

0.4

0.0

7.5

1.0

7.1

27.07

29

24

5,578

1,928

89.27

23,490

5,149

4,495

3,454

4.16

2.3

3.9

1,137

55

85.86

23,488

5,146

3,657

3,417

3717.0

26,229

1,074

16,940

7,647

3716.0
3768.0
570.69

26,205
23,881
1,647

1,093
15,394
1,013

14,857
10,698
1,445

7,769
4,431
1,111

237.0

285

229

224

304

804.36

1,289

1,077

1,439

1,405

-

1.2

0.1

0.1

15.0

-

0.1

0.1

0.1

12.3
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Table 28: A summary of effluent conditions at UCF Test Center

Parameter

Convention
al Drain
Field
Control
54
2

Alk. (mg/L)
TSS (mg/L)
BOD5
1.2
(mg/L)
CBOD5
0.9
(mg/L)
Ammonia-N
31
(μg/L)
Nitrite-N
3.3
(μg/L)
Nitrate-N
41,970
(μg/L)
Org. N
6,082
(μg/L)
TKN (μg/L)
6,113
TN (μg/L)
48,086
SRP (μg/L)
4,577
Org. P (μg/L)
347
TP (μg/L)
4,924
Fecal
1
(cfu/100mL)
E.Coli.
1
(cfu/100mL)
*BDL below Detection Limits

Average Effluent Concentration
Conventional Conventional Conventional
Drain Field
Drain Field
Drain Field
Recirculation Recirculation Recirculation
I
II
III
203
96
30
4
2
BDL*

B&G Drain
Field
221
11

3

13

1

11

2

7

1

8

47

44

3,829

6,102

6

7

1,062

52

14,860

29,749

38,923

3,146

15,143

1,283

11,898

3,361

15,191
40,057
3,071
4,815
3,883

1,327
31,103
6,436
208
6,780

15,727
55,711
4,729
795
5,524

9,463
12,902
1,004
258
1,387

2

1

1

11

1

1

1

9
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CHAPTER 6: DESIGN OF B&G DRAINFIELD BY MODEL
6.1 Introduction
Environmental management is a complex issue due to increasing environmental problem.
Onsite wastewater treatment system (OWTS) is gaining popularity due to lack of centralized
wastewater treatment system. According to USEPA, about 25% of US homes depend on OWTS
due to the unavailability of a centralized wastewater treatment system; this number is increasing
over time (USEPA 2002, 2003). Most of them are failed due to lack of proper knowledge about
treatment mechanisms and inappropriate operation and maintenance. Again, proper wastewater
treatment in an OWTS site is a priority due to increasing concern about groundwater
contamination by ammonium and nitrate. Contaminated groundwater can cause many human
health problems such as blue baby syndrome, lever cancer and iodine uptake problem.
Concentration of ammonium and nitrate in groundwater can be decreased by understanding the
physical, chemical and biological process in a drain field. The major physical-chemical process
may include dispersion and diffusion of fluid through solids and adsorption-desorption.
Biological process involves nitrification and denitrification for nitrogen species. In nitrification
process, ammonium is converted to nitrate in an aerobic condition. Nitrate conversion to
innocuous nitrogen gas in anoxic condition is known as denitrification process. Both processes
depend on the presence of specific microorganisms. A mathematical model can be an effective
tool for this purpose.
Model application has important impact for understanding the concepts of environmental
issues such as biological wastewater treatment. In this study, a subsurface water quality model
SubWet 2.0 was applied to further explore the nutrient removal mechanism of the innovative
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underground drain field. SubWet 2.0, a model developed by United Nations Environmental
Programs (UNEP), was used for this reason. The objective of using this model is to compare the
actual nutrient removal efficiency and model simulated nutrient removal efficiency. There are
some unique features for using SubWet: 1) it is user friendly 2) this model can be used in both
cold and warm climate.
6.2 Methodology
SubWet 2.0 is a comprehensive decision making model to construct a wetland to evaluate
the flow and chemical species transport. But this model can be used for B&G drain field if the
plant uptake mechanism is not considered. This model can work to design a B&G drain field. If
the dimensions of the model are given, then the model can calculate the nutrient removal
efficiency with specific given effluent concentration. As the model is simulated for warm
climate, it is considered that the temperature was 30oC. Generally the system needs to be divided
into five chambers to apply this model. So the drain field is divided into three aerobic chambers,
one anoxic and one anaerobic chamber as described above. The dimension of the B&G drain
field was as described in the previous chapter. Sampling method was described in above chapters
and chemical analysis was done in ERD. The conceptual model equations are described in the
literature review chapter. The model simulation time was 1 day to make it comparable with
actual field test. The nitrification-denitrification design parameters are given by the model as it is
recommended to use for design purposes by the model manual. A conceptual model for
nitrification-denitrification process is shown in Figure 45. The following parameter are used to
run the model (Table 29),
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Table 29: Parameter used in the model
Parameter
Hydraulic conductivity
Flow rate
Porosity
Max. decomposition rate of organic nitrogen
Max. nitrification rate
Max. decomposition rate of organic matter
Max. denitrification rate
Temperature coefficient of ammonification
Temperature coefficient of nitrification
Temp. coefficient of decomposition rate
Temp. coefficient of denitrification
Half saturation constant for nitrification
Half saturation constant for decomposition
Half saturation constant for denitrification
Adsorption capacity of phosphorus

Value
20.455 m/day
0.756 m3/day
0.242
0.5/day
0.105/day
0.5/day
0.09/day
1.04
1.047
1.04
1.09
2.0 mg/l
1.3 mg/L
0.1 mg/L
1.0
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Figure 45: Nitrogen submodel used in the model (UNEP, 2009). (Here, ORN=Organic nitrogen,
AMM=Ammonium concentration, NIT=Nitrite concentration, AMFI=Oxidation of organic
nitrogen to ammonium, NIOX=Nitrification process, DENI=Denitrification process)
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6.3 Result and discussion

Parameters
BOD
Ammonium
Organic nitrogen
Total nitrogen
Total phosphorus

Table 30: Data sets used for model calibration
3/4/2009
3/18/2009
3/31/2009
Observed Model
Observed Model
Observed Model
removal removal removal removal removal removal
75.04% 75.04%
94.30% 94.30%
91.95% 91.95%
87.34% 87.39%
86.83% 86.94%
83.81% 83.54%
50.00% 50.90%
39.99% 39.48%
66.04% 65.32%
74.24% 74.79%
73.10% 73.35%
66.70% 66.45%
53.91% 54.22%
65.70% 65.70%
66.54% 66.27%

Figure 46: Correlation between the measured and simulated values in model calibration
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Table 31: Data set used for model validation
8/14/2008

Parameters
BOD
Ammonium
Organic nitrogen
Total nitrogen
Total phosphorus

2/24/2010

Observed
Model
Observed
removal
removal
removal
Model removal
92.39%
87.31%
96.27%
96.27%
90.81%
90.75%
90.22%
90.22%
46.65%
46.42%
94.17%
94.18%
67.79%
43.76%
87.74%
87.51%
99.37%
99.36%
89.12%
89.12%

Figure 47: Correlation between the measured and simulated values in model validation
Calibration is the process to find the best match between model computed and observed
value. About three sets of data are calibrated to ensure the optimum model calibration. Data used
in model calibration was shown in table 31. The model calibration was followed the pathway
shown in figure 46 by using the parameters used in table 29. The nutrient concentration was
given as observed in the field sample analysis. Based on these values, the final relation between
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observed removal and actual removal was shown in figure 46. The R-square value was about
0.99 with a slope of about 0.9991≈1, which supports the model calibration.
Validation is an objective test of how well the model output fits the collected data. A
model is said to structurally valid if the model structure represents a set of actual data with
reasonable accuracy. For validation test, two different data sets are used with the same
nitrification-denitrification parameters. Table 31 shown the data used for validity test and figure
47 shows the relationship of actual removal and model simulated removal of nutrient. The slope
of the line was about 0.9991≈1 with an R-square value of 1.
6.4 Conclusion
A mathematical model is very useful to understand the drain field performance with
specific dimensions, influent and effluent concentration. It can be used to design a new drain
field for better nutrient removal efficiency. The model shows good validation test based on the
data collected from the field.
6.5 References
UNEP (2009), Introduction of subsurface wetland modeling and the software “SubWet”,
Version 2.0.
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CHAPTER 7: CONCLUSION

7.1 Summary and remarks
Passive nutrient removal OSTDS technologies, including the B&G were evaluated in a
full scale operational mode.

The B&G system has an advantage over conventional and

performance-based OSTDS due to its higher nutrient removal efficiency, system reliability, no
energy needed, and low maintenance requirement. One table presents data to summarize and
compare water quality results. Table 32 shows a summary of concentration changes of the three
conventional OSTDS designs and the B&G drain field.

For non-nutrient pollutants, the

performance for the B&G drain field is similar to the conventional septic tank systems. For
nutrients, the B&G perform much better. This table is developed based on the average raw water
(inflow) and outflow conditions in a year.
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Table 32: summary of concentration changes for OSTDS at UCF Test Center.

Parameter
Alk. (mg/L)
TSS (mg/L)
BOD5 (mg/L)
CBOD5
(mg/L)
Ammonia-N
(μg/L)
Org. N (μg/L)
TKN (μg/L)
TN (μg/L)
SRP (μg/L)
Org. P (μg/L)
TP (μg/L)
Fecal
(cfu/100mL)
E.Coli.
(cfu/100mL)

Concentration Changes (- or negative entry indicates an increase)
Convention
Conventional Conventional
Conventional
al Drain
Drain Field
Drain Field
B&G Drain
Drain Field
Field
Recirculation Recirculation
Field
Recirculation I
Control
II
III
32.63%
67.88%
88.02%
26.33%
77.10%
98.13%
99.17%
99.53%
94.73%
98.91%
90.14%
95.91%
98.51%
85.15%
99.04%
91.86%

96.01%

98.45%

88.35%

99.93%

99.84%

99.89%

91.33%

81.78%

-68.00%
63.57%
-16.47%
-193.53%
32.28%
-1.76%

52.01%
74.91%
49.07%
38.66%
3.21%
48.70%

85.30%
97.21%
52.29%
-33.98%
86.73%
11.01%

45.42%
76.16%
16.21%
-28.44%
66.91%
9.21%

85.83%
82.71%
70.21%
79.11%
83.56%
81.79%

>99.9%

>99.9%

>99.9%

>99.9%

>99.9%

>99.9%

>99.9%

>99.9%

>99.9%

>99.9%

99.23%

* Includes additional particulate matter or measurement error. The resulting % removal (change) should be higher.
# Change or removal is based on influent or raw sewage concentration values and the effluent from the drain fields.
Nitrate is not included because in raw sewage the nitrogen form typically is not nitrates or near zero.

After scrutinizing the data for both standard drain field and B&G drain field, some
impressive findings have been derived. Those are mentioned below,
• B&G drain field has better performance for nitrogen and phosphorus species removal
from wastewater. About 70.21% TN and 81.79% TP is removed by the B&G drain
field. It is also good to remove harmful pathogens from wastewater.
• Standard drain field is well to support nitrification system. But this efficiency is
expected to grow by addition of a recycle system with the traditional standard drain
field. The advantage of recycle system can be realized by analyzing the data presented
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in table 32. It is recommended that 3:1 (i.e. recycle flow: forward flow) recycle ratio is
better to get high nitrogen species removal.
• Standard drain field cannot support the denitrification part due to the absence of OC
source in the drain field. It is very important to realize that wastewater or soil cannot
be considered as enough OC source to support denitrification process. A continuous
cost effective supply of OC is necessary for denitrification process. Use of media
mixture can ensure this condition.
• B&G drain field can support both nitrification and denitrification process. As an
innovative drain field, it is the most important outcome of this research project. This
technology can be applied to treat domestic wastewater in a remote area where
centralized wastewater treatment system is not available. Based on the observed result,
it can be said that the media mixture can act as a good OC source to support
denitrification process. By using these benign OC sources, it is possible to improve the
OSWTS in a remote area where centralized wastewater treatment system will be
expensive. A huge amount of chemical cost can be saved by introducing these OC to
support denitrification process.
• Hydraulic retention time (HRT) is a very important factor to promote biological
wastewater treatment. It is one of the important factors for the success of B&G drain
field. On the other hand, RSF in standard drain field is not success due to the low
HRT.
• Real time PCR is a revolutionary tool to measure the presence and growth of
microorganisms in a biological wastewater treatment process. It is feasible to
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determine the growth of microorganisms in advanced and take necessary steps to
support the nitrification and denitrification process in a system.
• The performance of the B&G drain field has validated by using a model named
SubWet 2.0 with an R-square value of 0.999.
More future research is required for the B&G drain field to establish as the finest
OSWTS in all the land. More research can be done to improve the performance of the B&G
drain field with increased HRT. Experiment on B&G drain field should be conducted in cold
climate (i.e. in a place where temperature is below 0oC) to comprehend the temperature
sensitivity of this drain field. Florida is not a suitable place for this experiment. As a
consequence, performance of B&G drain field in cold climate should be done in an area like
Canada and northern USA. This drain field can be easily installed in a residential area as
OSWTS. In the small area, this drain field can be installed by decreased length and width and
increased depth. Research can be conducted to observe the performance of the B&G in this new
dimension.
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APPENDIX: QUALITY ASSURANCE/QUALITY CONTROL
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Sample collection and storage policy to maintain the optimum QUALITY
ASSURANCE/QUALITY CONTROL (QA/QC) is described as following,
•

The sample must be kept at 4oC if overnight storage is necessary. All samples must be on
ice with a bottle blank at approximately 4°C during shipping to the laboratory. Samples
must be delivered in a properly insulated and clean container.

•

Samples must adhere to specific holding times required of the parameters to be
performed. More that overnight delay will not be accepted.

•

All samples must be in sterile, suitable containers. Sufficient sample volume must be
available to perform the necessary tests. Samples need to have durable labels in
permanent, black or blue indelible ink with the following written on the labels:
o Sample’s project name, description, date/time collected, type of preservation
and/or treatments.

•

Chain-Of-Custody must be signed by the person(s) responsible for relinquishing the
samples. The following must be written on the Chain-Of-Custody:
o Sample ID, sample project name, description/location, date/time collected,
preservation type and type of bottle collected, collector’s name, and any special
remarks concerning the sample.

•

If the samples show signs of damage, contamination, or inadequate preservation, the
client will be notified immediately. It will be noted on the Chain-Of-Custody and on the
final report to the client.

•

If the criteria above are not met, samples are not acceptable and WILL NOT BE
ACCEPTED for analysis.

•

DO, pH, conductivity and temperature must be measured on-site. The measuring
equipment must be calibrated in weekly basis.

•

After returning from the site, the samples are preserved by H2SO4 , if necessary, without
any delay.

•

The sample needs to be filtered, if necessary, without any delay to ensure the optimum
test result during chemical analysis.

•

All bacteria (i.e. E. Coli) samples must be delivered to the lab within 2 hours of
collection in a container with 4oC temp. There should not be any delay for delivering
bacteria samples.
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•

All plastic bottles and other necessary sample collection containers are washed by 1:1
HCl acid for three times and one time with DI water.
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